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ABSTRACT
The glycolytic enzyme enolase (isolated from yeast cells),
which catalyzes the conversion of 2-phosphoglycerate (2-PGA) into
phosphoenolpyruvate is known to exist as a dimer of molecular weight
80,000.

In this thesis, the enzyme a,ssay,.which utilizes the ab-

sorption of product at 240 nm, was employed to study the thermal dena tura tion of enolase between 45° and 60°.

Additional studies were

performed to determine various physical and chemical properties of
the enolase monomer and dimer.
With regard to thermal denaturation, the use of the enzyme
assay is somewhat unique in that it reflec.ts the presence of active
enzym~ only, whereas other approaches (especially those of a spec-

trophotometric nature) monitor both native and denatured enzyme forms
as well as the concomitant variations in solvent structure.

Con-

sequently, the thermodynamic parameters derived from such activity
oriented studies would likely be of a well defined nature as opposed
to the marked v~riation in 6H 0 and 6S 0 observed as a function of
temper~ture

by other techniques.

The difficulty in quantitatively

assessing the denaturation process, regardless of the experimental
procedure employed, lies in the demonstration of thermodynamic reversibility.

In this.

study~

irreversible denaturation was found to

affect the thermodynamic calculations to a considerable degree.
Nevertheless, the derived

6H

0

and

6S

0

values, based on certain qual-

ifying assumptions, were to remain essentially constant over the
temperature range.studied.

From the kinetic point of view, the ex-

perimental activation energy for denaturation based on activity loss
was found to be 41 Kcal/mole.

Upon addition of bromide, a denatur-

.,

ing anion, in concentrations of 0.1 M and 0.2 M, the experimental
activation energy was seen to increase to
mole respectively.

4J

Kcal/mole and 52 Kcal/

In general, the rate constant governing dena-

turation was also seen to increase with increasing bromide.

Further

experimentation revealed that the active enolase species, above 4o 0
at concentrations of 0.7 ug/ml, pH 7.4, to be the monomer (1\eresztesNagy, S., and Orman, R., 1971, Biochem., 10, 2506).
Additional experiments pertaining to the nature of the active
monomerie and dimeric enolase forms were subsequently performed.
The Vmax for both species was found identical however the monomer

.

was characterized by a greater Km (2.5 x 10
(1 x 10-4 M).

-4 fil) than the dimer

Upon addition of bromide in 0.2 fil concentrations, the

Km of the monomer was seen to increase even further (?.4 x 10-4
while Vmax remained essentially constant.
the Km nor Vmax of the enolase dimer.

M)

Bromide affected neither

The Ki value for bromide ion,

acting as a classical competitive substrate inhibitor for the monomeric enolase form was found to be 0.25 fil•
The enolase enzyme has recently been purified from red blood

.

cells"and a molecular weight of 80,000 established.

In an experi-

mental manner similar to that used in studying yeast enolase, the
red cell species was identified as a dimer.

Further investigation

revealed the dissociated monomeric components fully capable of
catalysis.

Hemoglobin

wa~

found to affect the state of dissocia-

tion of the enolase enzyme, favoring the dimer.

The enolase sub-

strate, 2 PGA, binds to hemoglobin but is displaced upon the addition of 2, J-diphosphoglycerate.

Small changes in chloride ion con-

centrations, commensurate with the chloride shift, were found to alter the activity of the red cell enolase enzyme.

r

r
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CHAPTER I
INTRODUCTION
The question that should be posed at the onset of a research
project such as this is:

"Why do it anyway?"

With regard to pro-

tein denaturation, this question assumes a special significance
since there exist few chemical reactions to which more library
shelving space has been devoted.

Then what indeed can be gleaned;

what can possibly remain after the experts have so intensively
indulged themselves?

In this thesis, I have attempted to study

this venerable, yet still relevant subject in an unusual and somewhat unorthodox manner.

Quite naturally, this has necessitated the

implementation of new definitions, new procedures, and most importantly, new viewpoints.

If I achieve nothing else, I hope to add

some dimension, hence give some perspective, to that massive body
of scientific knowledge which so voluminously constitutes "the
previous."

We should like to emphasize at the onset that we con-

sider our approach neither more right nor superior to the
of others; only different.

effor~s

But quite possibly in this difference

lies the value, for if science truly wants a look at the truth,
then all points of view must be considered.

Then with the basic

understanding that I shall be observing "another side" of the issue,
we now present a conception of the denaturation phenomenon.

THE EXPERIMENTAL ASPECTS OF DENATURATION
It is of considerable interest then to discuss in detail pr6cisely how the pertinent denaturation data has been derived.

The

I

'I

I
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fact is that essentially all denaturation experiments currently discussed and reviewed in the literature have employed some optical
criteria (spectrophotometry, polarimitry, ORD, CD) to detect the
denatured state.

To fully appreciate

t~e

extent to which such pro-

cedures have inundated current research, an examination of the most
recent and complete review of the subject (Tanford, 1968-1970) would
reveal the following.

Precisely thirty-nine sets of experimental

data are presented in either tabular or graphical form supporting
various allegations.

Thirty-four of these experiments are optically

oriented, four are designed to detect viscosity, and one (indicated
as an historical memento} evaluates solubility considerations.

And

this tendency is not endemic only to this particular review, but
manifests itself in Tanford's first review on denaturation (1962)
as well as Joly's (1965) and Wyman's (1966).

Concisely, our point

is that the great,majority of current denaturation research is of
an optical nature and that where other approaches have previously
been attempted (and indeed, precipitation, electrophoretic mobility,
and proteolytic digestion have historically preceded the current
trend) their numbers have been mummified in the light of utilitarian spectroscopy.

This universal acceptance of optical techniques

has undoubtedly resulted from their experimental simplicity and
s2nsitivity when compared with previous approaches.

It therefore

behooves us to consider the precise nature of the "optical procedure."
The essence of any optical technique resides in the monitoring
of the so-called ••optical transition."

A typical optical transi-

tion is illustrated in Fig. 1 (Brandts, 1967; Brandts and Lumry,

r
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r.

''

D
a

··

....,

c
Fig. 1. A generalized representation of the optical transition. The ordinate values, a, represent some parameter indicative of the optical technique employed. The a value is
2
usually ascribed to the denatured state (D) while the a
1
value is considered representative of the native enzyme(N).
All points of the curve witnin the region a. - a. then denote
2
1
equilibrium mixtures of N and D. The.abcissa, C, indicates concentration of denaturant present. For a specific example, see
Fi~. 2.

-4i964).

As is usually done in the literature,

all protein species in

this figure consistent with optical parameter l_ are designated
native (N), with a
a.

2

- a

1

&.:-:>

, denatured (D), and all points in the region

2

, indicative of

various mixtures·

of N and D.

There is

little question (see Discussion) that this approach is valid..

The

thermodynamics derived from such a procedure represent one of the

finest interpretive efforts in all of protein chemistry (see Ther:-:·:odynamics).

However, it is the evolution, implication, and

seemi~g:y

universal application of the nomenclature mentioned above which deserves some evaluation at this point.

Relating a to the denatured
2

state implicitly defines that state, ia e$ all protein species
which, under the given conditions are coincident with .ro

2

sidered denatured.

are con-

Now if the denaturation process begins with t:1e

native state, as indeed it should, then a
tive state.

j

1

must represent that na-

It is well established, however, that enzymes under

conditions of inactivity (e. g. pH) can also undergo optical transitions.

This has led to the nocuous yet widely practiced policy ·

of discussing the denaturation of inactive enzymes (Brandts> 196?r
Rosenberg, 1964; Tanford, 1968-1970).

While molecular transitions

can occur from denatured state to denatured state, it seems reasonc:.ble that those transitions which emanate from the native state )ca:.
reasonably be referred to collectively as denaturation.

Then there

ffiust be some way of defining, or at least recognizing the native
state before the denaturation process itself cann be defined.

For

s. protein, this can become an arduous task unless that pro-:;eir..

h2.~'.)-

pens to be an enzyme.

Then activity can become one criteria, not

only for distinguishing the native from the denatured states, but

"'"
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for experimentally pursuing the denaturation problem as well.

It

will be taken then as a basic tenet of this thesis that if an enzyme is active, it is in its native state, in yiY.Q or in vitro.
Admittedly, the objection to optical experimentation expressed
above is of semantic origin.

Semantic objections are, in general,

of minimal importance, since they are the most easily ignored.

How-

ever, there does exist some experimental evidence to indicate that
the loss of activity.and changes in the relevant optical parameters
are not necessarily synonomous or coincidental.

Nelson and Hummel

(1962) have demonstrated that ribonuclease can be inactivated by
urea (ostensibly indicating denaturation) before any alteration in
optical parameters is observed (see Fig. 2).

A similar study, com-

paring the ATPase· activity of myosin with its ORD spectra as a function of LiBr added reveals that all of the activity present is dissipated prior to .any change in optical rotation (Tomomura, et al.,
(1962).

A clear alternative in procedure then presents itself.

The

denaturation proc·ess can be studied using either optical changes or
activity as a basis since they can be dtfferent.

I submit that the

monitoring of enzyme activity represents the single most sensitive
method for detecting the denatured state.

For this reason, the com-

parison of this technique with those optically oriented could represent an endeavor of the most fruitful kind.
Now by no means is this an original proposal.

As early as

1962, Ackerman suggested studies similar to those we shall be considering.

But the puzzling fact of the matter is that few dena-

turation studies have been attempted using activity as a basis
despite the possible advantages of doing so.

Reiner (1969), as is

-6-

100
0

.., Q

-

~ 50
~

2

4

6

8

M Urea

Fig. 2. The effect of urea concentration on the optical
rotation (top), optical density at 287.5 nm (middle) and
activity of RNase toward U-cyclic-p (bottom). Unfortunately, the activity studies were performed at a much lower
protein concentration. Nevertheless, for corresponding
urea concentrations, over so~& of the activity is seen to
dissapate before any significant variation in optical
parameters occurs. From Nelson and Hummel (1962}.

-?hiS custom, concisely summarizes the situation in the following

manner'
"Optical techniques are available for denaturation studies but have been applied to the correlation of activity in very few cases o•••••• direct activity losses are
usually measured in normal media AFTER inactivation in
tl1e absence of substrate so that small readily reversible changes in enzyme activity a.re almost certain to be
missed. Whether the technical difficulties in the way
of clean experiments on activity loss in the incubation
mixture can be overcome,, I do not know."

In the process of implementing activity studies in the context
of denaturation, one preeminent difficulty is immediately encountered; while it is clear that denaturation necessitates inactivation, the converse is not true, i. e. inactivation can be affected
through other means.

The problem then is distinguishing inhibition

from denaturation since both may result in observed inactivation.
Upon examination of the inhibition process, one fact becomes clear,
i. e. some distinct stoichiometry is usually involved.

This stoi-

chiometry manifests itself in the ratio of one or a few molecules
of inhibitor per enzyme subunit (or at the most, per enzyme molecule).

And this stoichiometry should persist regardless of the

strength of interaction involved between the binding of the inhibitor to the enzyme (i. e. irrespective of binding constant magnitt!des)e

Howeveri; in the case of denaturation, no such distinct equivalent

stoichiometry is observed since the concentration of denaturant
usually required to effect enzyme inactivation exceeds the concen.+..

••.

vra~ion

of enzyme present many fold.

Thus stoichiometry can pro-

Vida a most meaningful criteria to distinguish these
With. this in mind,

I now propose our definition of er. zyme denatu::-a-

tion which is ·truly an operational one, derived from the my:::iad of

~8-

examples at hand.
If enzyme inactivation occurs in the presence of
another molecule such that the overall reaction
is stoichiometric, (i. e. one or a few molecules
of inhibitor per enzyme subunit), then this represents inhibition. All other types of inactivation are the result of the denaturation process.
As stated, I believe this definition can adequately distinguish
denaturation resulting from pH variation, urea or GuHCl addition,
or the presence of neutral salts and furthermore contend that

in~

hibition must be a bimolecular process (since another molecule is
required).

Consequently, all unimolecular inactivation process

such as heating, shaking, sonification, etc., must be a manifestation of denaturation, i. e. if inactivation unimolecularly occurs,
it must be denaturation.

THERMODYNAMICS OF DENATURATION

An examination of the excellent experiments in the early
literature (pre-1964) reveals the development of a single and overwhelming procedural tendency; that of experimentally crossing a
multitude of proteins with every conceivable denaturant followed
by a comparison of the physical parameters so derived.

This is

done in the hope of unearthing some doctrine which, after a sufficient number of cases have been examined, could materialize into
the unifying principle of protein denaturation.

r
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TABLE lA
Thermodynamic Denaturation Constants for Various Proteins*

Protein

6S 0

AHO

Kcal/mole

entropy units

42.2

52.8

44.3

51.6

Pepsin

55.6

113.3

Leucosin

84.3

185.0

Enterokinase
Trypsin Kinase

Egg Albumin
Hemoglobin
Hemolysin (goat)

132

315
152.7

75.6
198

537

134

317.1

Egg Albumin
pH 7.7
pH J.4
pH 1.J5

96.8

223.7
36.3

·~35,2000

*Taken from Stearn, Advances in Enzymology,

2, 25-74, 1949.

-10The first attempts to study the denaturation process revealed
the relevant ther~odynamic parameters to be of an enormity that
challenged contemporary understanding of the subject.

In retrospect,

it is easy to empathize with the.clandestine experimental chemist

of humble thermodynamic origin (as we all are to some degree) who,
when measuring

6S 0 of denaturation for the first time,

6H 0 and

found such immense values that he dared tell nobody lest he be asked
for an interpretation.
ments were

mos~

The fact is that since denaturation experi-

easily attempted at room temperature or above, that

is where they were so performed.

Thus, when Ackerman (1962), after

looking at "all known examples" concludes that

6S 0 is "always posi-

tive for denaturation" or when Dixon and Webb (1964) characterize
the denaturation process as one in which

0

the heat and entropy of

acti va ti on are exceeded by the heat and entropy of the process,•• it
should be emphasized that what then comprised the known evidence
was derived from experiments insufficient in number or latitude to
justify such conclusions.
From the superb experimentation of John Brandts and his use of
the optical trans.i ti on, what had represented contemporary thinking
in the field of protein denaturation was forced to change.

We now

know, for example, that the ~H 0 value for certain transconformations of ribonuclease at zero degrees can be as low as six Kcal
(Brandts and Lumry, 1964).

A similar structural change for yeast

enolase (Rosenberg and Lumry, 1964) reveals not only that the. standard entropy change can be negative, but negative to the extent of

60 e. u.

These represent two of the many examples which have been

culminated into the contemporary theory of protein denaturation as

-11'-

postulated by Brandts (1967).

This theory will be discussed later

(see Discussion) as it pertains to and differs from our experimental results.

It suffices to say here that the thermodynamic para-

meters generally considered to describe the denaturation process
display a remarkable temperature sensitivity.

To explain this tem-

perature dependence, Brandts has implicated the role of solvent with
regard to protein structure.

We shall "pick-up" and expand on this

concept later to a considerable extent for we believe that the solvent represents one of the most overlooked yet one of the most important aspects of protein chemistry.

KINETICS OF DENATURATION
From the point of view of the physical parameters used to describe the rate at which denaturation occurs, the process appears to
be uniformly categorized.

According to Joly (1965), who presents

the most extensive array of kinetic data on the subject, the activation energy for the thermal denaturation process is about 20,000
cal.

The implication is that generally irrespective of the ter-

tiary structure, an energy barrier of similar magnitude is presented
to all proteins before they can undergo the denaturation process.
If this is the case, we could then indeed question the wide range
of stabilities exhibited by the various proteins at room temperature.
In this regard, we shall be taking a closer look at the rates of
denaturation in general and the precise nature of the rate constants
governing these rates in particular.

However, we have found it uti-

litarian to deal with these considerations specifically in terms of
our data and will therefore defer a complete kinetic discussion until

-12.-

a later and more appropriate time (see Results and Discussion).

DISSOCIATION AND DENATURATION
1 have already considered the necessity of initiating the
.denaturation process from the native state •. In this regard then,
it is reasonable to consider what exactly comprises this native
state.

For the great majority of enzymes, the native state is one

of aggregation (a superstructure composed of two or more subunits).
Starting then with this· initial condition, precisely what is the
pathway over which denaturation proceeds?

Do entire superstructures,

for example, aggregate directly; does dissociation occur followed
by

aggregation; or does the truth lie somewhere in between depending

upon the conditions and the type of denaturation studied?

Unfortu-

nately, the proposition of pathway, starting with the native superstructure remains not only unelucidated, but unconsidered.

Theo-

retical treatments of protein denaturation have exclusively dealt
with the monomeric prototype.

After all, the monomer is the simplest

protein f.orm and simplification is the theoretician's forte.
ever, the problem offers some interesting possibilities.

How-

If, for ex-

ample, an oligomer dissociates into inactive monomers, then dissociation and denaturation become identical processes (by the criteria
we have established).

If dissociation, however, results in monomers

which are active or only transiently active (less stable), then the
enzyme can be said to exist in at least two native states (if the
monomer is of equal activity with its oligomer on the basis of turnover number).

Any relationship or controversy between the phenomena

of denaturation and dissociation is then clearly resolvable and

-13wholly dependent upon the nature of the monomer in solution.
The fact is that the great majority of enzyme subunits are
currently considered inactive.

The type of reasoning from which this

conclusion has time and time again been derived can best be understood in terms of the following specific example.

The enzyme, yeast

enolase, has been reported to be a dimeric enzyme (Brewer and Weber,

i968).

Dissociation into inactive monomers has been achieved in the

presence of 1 M Br

or Cl- with a concomitant loss of activity

(Gawronski and Westhead, 1969).

From this observation, the classical

but illogical assumvtion has been made that the monomer inactive in
an apparent denaturant is a monomer absolutely inactive.

It is clear

that if a denaturant is used to effect dissociation, the likelihood
of monomeric activity is small, i. e. the monomer so isolated is an
experimental artifact.

Just as clear then is the experimental pro-

· cedure for effectjng monomeric activity, i. e. isolating the monomer
under conditions sufficiently mild so that the resulting species
will remain relatively unabused.

We will be dealing with this prob-

lem of isolating an active monomer using the yeast enolase enzyme
as an experimental enzyme prototype.

We intend to demonstrate not

only the fact of its existence, but to determine its catalytic capability when compared with its dimeric counterpart.

Hopefully, the

results derived herein will have an applicability not only to this
particular subunit enzyme, but to subunit enzymes generally.

YEAST.ENOLASE
The enzyme enolase, or 2-phosphoglycerate dehydrase, catalyzes the dehydration of D - 2 phosphoglycerate

~·

(PGA) to form

-14phospho(enol)pyruvate (PEP).

Enolase was discovered in 1934 by

Lohmann and Meyarhoff who, at the time were concerned with the glycolytic pathways.

Pure crystalline enzyme was first prepared from

yeast by Warburg and Christian (1941).

Later, muscle enolase

(Warburg and Christian, 1941) and potato enolase (Warburg and
Christian,1942) were subsequently prepared in homogeneous states.
However, the yeast form has been the most extensively studied.
The most extensively studied aspect of the enolase enzyme has
been its metal ion dependence.

In this regard, the absolute re-

quirement for rvg++. (or Mn++) for activity has mole enolase the "well
studied metal requiring enzyme" to the extent that Malmstrom (1955)
concludes that enolase is the be st characterized ·metal-enzyme
complex.
The gross molecular properties of yeast enolase have also been
"well studied."

However, most of the experimental interpretations

derived from such studies have assumed that the native form is monomeric.

Consequently, most pre-1968 studies will have to be rein-

terpreted on the basis of the native dimeric structure determined
by Brewer and Weber.
Since its discovery (1941), yeast enolase has been well documented to have a molecular weight of

66,ooo.

Recent work by Mann

et al. (1970) has indicated the true molecular weight of this enzyme
to be to the order of 80,000.

This aspect of the yeast enolase

enzyme will be considered later (see Discussion).

'

-15CHAPTER II
MATERIALS AND METHODS

THE PURIFICATION OF YEAST ENOLASE
Yeast enolase was purchased from the Sigma Chemical Company
(lot 27B7290).

A portion of this lot was purified according to

the method described by Rosenberg and Lumry (1964).

This purifi-

cation procedure involved the selective absorption of the enzyme on

C-M cellulose using a citrate buffer gradient ranging linearly
from 0.005 M - 0.500 Mat pH 8.0.

Under such conditions, the yeast

enolase is the only component retarded.

The enzyme fractions- were

collected, dialyzed against pure water, and lyophilized.

The pooled

enzyme fractions thus obtained were compared with the purchased enzyme (unpurified) on the basis of specific activity and optical
density to determine whether any significant change could be effected through the purification procedure.
The assay conditions used here and throughout this paper are
composed of the following

~nless

otherwise specified.

The assay

buffer is 0.01 M tris-HCl, pH ?.4 containing 10-3 M Mg++.
concentration of 10-3 M is employed to give V a
-

the enzyme concentration is

THE

m x

o.6

Substrate

conditions when

micrograms per milliliter.

REVF.RSIBILITY OF THERMAL DENATURATION OF YEAST ENOLASE
The first consideration in approaching the thermal denatura-

tion of yeast enolase·was to determine whether such denaturation
was, to any extent, reversible.

The procedure relied heavily on

-16the use of the Tm apparatus.

Basically, this device .is an electron-

ically controlled cuvette compartment designed to fit within the
cell compartment of the Cary 15 spectrophotometer.

Such a device

is capable of controlling cuvette temperatures while allowing spec~

~-

'

trophotometric determinations to be made.

Most relevant to this

r~-

port is that the Tm apparatus allows solution temperatures to be
rapidly-raised.
Since the reference compartment of the Cary 15 spectrophotometer could not be temperature controlled, the following experimental
adjustments were made.

The assay solution was allowed to tempera-

ture equilibrate prior to the addition of enzyme.
':

.'

Temperature

equilibration in this case indicates that the solution temperature,
upon standing, remained constant over a sufficiently long time interval as determined by direct thermometer readings using a thermometer calibrate·d with the temperature scale of the X-Y recorder.
The temperature of the reference conpartment was taken as a baseline and referred to as room temperature.

It should be mentioned

in deference to the heating facilities of this university, that the
temperature of the reference compartment was found to be remarkably
consistent, remaining at 23° ! 1° throughout the course of these
experiments.
The Tm device was installed in conjunction with an X-Y recording system as previously described (Martz and Aktipis, 1971).
ficient enzyme was added to

6.o

Suf-

ml of assay solution to give a final

enzyme concentration of 0.3 ug/ml, thus giving Vmax conditions.
~hree

ml of this solution were then poured into each of two J ml

cuvettes.

One. cuvette was inserted into the Tm device; .the other,

,

-17into the reference compartment of the Cary 15 instrument already
set at 240 nm.

Thus, simultaneous reactions were occurring in

both sample and reference compartments.

The rationale for this is

that considerable optical densities accumulate over the allotted
time interval tending to force the pen off scale.
tions occurring simultaneously, the
ence is minimized.

~OD

With the reac-

between sample and refer-

Hence, the slide wire could be employed in a

most sensitive fashion to the degree that optical density differences to four decimal places could be detected.

Care was taken to

insure that the slits were never completely open.

In this regard,

the programmed slit width control was employed and visually observed during the course of the experiment.
The temperature reaction _cuvette within the Tm device was then
rapidly raised ·to and .maintained .at the desired ·.percentage.

In

this context, instantaneously means that the given temperature was
reached before any observed increase in optical density was noted
(since reactions are occurring in both compartments at equivalent
rates, no differential optical density was observed).

After a suf-

ficient time interval at the elevated temperature, the cuvette was
removed, immersed in an ice water bath, ·and reinserted into the Tm
device which, in the interim, was readjusted to the starting temperature.

This basic procedure was repeated several times using_ dif-

ferent temperatures and time intervals.

The specific experimental

conditions with regard to the exact elevated temperature used and
the length of time at which the enzyme solution was maintained at
said temperature _will be given later (see Results).

It suffices to

say here that this procedure allows the percentage of active enzyme

;,,

k

l
.

.

present to be evaluated at any stage of the operation.

Thus, if

active enzyme were reformed during the cooling process, it would
be readily detectable.

THE EFFECT OF BROMIDE ON THE REVERSIBILITY OF THERMAL DENATURATION

Attempts were then made to determ.ine the effect of bromide ion
on the amount of enzyme activity recoverable upon cooling.

Experi-

mental solutions and apparatus, including the Tm device were set up
as described in the previous section.

Bromide ion (in the form of

KBr), in varying concentrations ranging from 0.05 to 0.15 M, was
added to sample and.reference cuvettes where the catalysed reactions
were occurring, (again, under Vmax conditions).

The sample compart-

ment was again heated to elevated temperatures for various time in~'

t

tervals (both will again be specified in Results), and subsequently
cooled.to room temperature.

At the bromide concentrations employed,

maximal velocity remains unimpaired (Gawronski and Westhead, 1969).
The resulting comparison of reaction velocities at elevated and
room temperatures would then indicate the extent to which bromide
influences recoverable activity.

THERMODYNAMICS AND KINETICS OF DENATURATION
This section contains two relevant aspects:

the first is the

accumulation of the pertinent data; the second is the application
of the appropriate theory to this data.
oped later (see Results).

The theory will be devel-

At this point, precisely how the data

was obtained will be considered.

In this case, the very same data

-19will be used for both kinetic and thermodynamic arguments.

The

following experiments were specifically designed to determine the
instantaneous reaction velocities at one minute intervals for up to
ten minutes for yeast enolase solutions at temperatures ranging
from 45° to 60°.
A cuvette containing 3 ml of assay solution but no enzyme was
incubated at a given temperature in a water-antifreeze solution
circulated from the Neslab water bath-pump apparatus.

When thermal

equilibrium was reached (as determined by direct thermometer readings), 10 ul of enzyme, sufficiently concentrated to give a resulting solution 6 ug/ml in enzyme, were added to the cuvette, (thus
giving Vmax conditions).

The cuvette was then inserted into the

cell compartment of the Beckman DU spectrophotometer also connected
to the Neslab apparatus for temperature control of the cell compartment.

Optical density readings were taken at one minute intervals

up to and in excess of ten minutes.

The solution temperature was

redetermined upon completion of the assay by directly inserting a
thermometer into same.

This procedure was repeated at temperatures

ranging from 45° to 60°.
Similar procedures were then employed for determining the eff

ect of bromide ion on the various kinetic and thermodynamic para-

meters.

Bromide ion (in the /brm of KBr) was added to the assay

solution to give incubation mixtures 0.1 M and 0.2 M ·in bromide.
These solutions were then treated as described above in order to
obtain instantaneous reaction velocities at one minute intervals for
up to ten minutes at the temperature range of from 45° to 60°.
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THE ES'rABLISHMENT OF MONOMERIC ACTIVITY

All column chromatography experiments described herein were
performed on a 2 x 50 cm column packed with Sephadex G-75 Gel.
Two reservoirs, one for sample, one for elution solvent, were connected to the column through a three-way valve.

Both column and

reservoir system were enclosed in a continuous jacketing device
through which water was circulated from a constant temperature
water bath.
,

The column was operated under a hydrostatic pressure

of approximately 80 cm resulting in a flow rate that varied with
temperature from 60 to 125 ml/hr.
The column was calibrated using the zonal analysis technique.
2.5 mg samples of various marker molecules in 1 ml volumes were
applied to the column.

The effluents were monitored at 280 nm by

means of a Beckman model DBG spectrophotometer equipped with a
0.3 ml flow-cell ·of 1.0 cm path length' and the absorbance recorded
on a Beckman 10-inch recorder.
f

The elution volumes reported are

those corresponding to maximal absorptions in the effluents.

Cali-

brations with BSA, ovalbumin, chymotrypsinogen, and blue dextran
were performed at. both 25° and 45°.
To relate elution volumes to distinct protein concentrations,
the experiments with yeast enolase wer.e performed by frontal analysis or large volume chromatography technique.

For the column

described above, a 50 ml sample application was sufficient to produce a plateau region in the elution pattern.

The protein concen-

tration in this region is identical to that of the sample applied
to the column.
of the boundary.

In theory, the elution volume is the centroid point
For symmetrical or nearly symmetrical boundaries

-21-

as observed with enolase, this point can be approximated at the
half-height of the plateau.

Thus, all elution volumes reported

here refer to observed half-heights.
Elution volumes of monomeric and dimeric enolase in tris-HCl
buffer, pH 7.4, were determined by frontal analysis and verified
by the zonal technique.

In both cases, monomers were obtained in

the presence of 1 M KBr.

The column was equilibrated with the

buffer,·also 1 Min Br-.

For the frontal analysis determinations,

the protein concentration applied to the column was 50 ug/ml.

For

zonal experiments, the 1.0 ml sample used contained 2.5 mg of enolase.

Effluents were monitored at 280 nm.

Dimeric elution volumes

were similarly obtained by this method in the absence of bromide.
The effect of dilution on the elution volume of yeast enolase
was determined at 25°.

Fifty ml solutions of enzyme were prepared

at various dilute· concentrations in the assay buffer, a 0.025 ionic
strength tris-HCl buffer, 10-3 M Mg++, pH 7.4.
equilibrated with this buffer.

The column was

The effluent was collected in 2 ml

fractions and assayed • . This assay consisted of taking 1 ml aliquots
of collected enzyme already at proper pH and Mg++ concentration and
adding 10 W. of substrate sufficiently concentrated so that the
final conditions were equal to those as described by Malmstrom
(1961).

Optical densities were monitored at 240 nm using a Beckman

DU spectrophotometer.

Enzyme concentrations, expressed at

~

OD/min

were plotted against volume to obtain an elution pattern.
In another set of experiments, the effect of temperature on
the dissociation of the enzyme was studied.

Fifty ml solutions,

0.7 ug/ml in enzyme, were prepared in assay buffer also containing

1
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10-3 M substrate.

Such solutions were passed through the column

pre-equilibrated with buffer and substrate at various temperatures
between 25° and 45°.

Two ml fractions were collected into tubes

immersed in a water bath at the desired temperature.

The enzyme

activity of each fraction was measured in 1.0 ml cuvettes of 0.5 cm
path length on a Beckman DU spectrophotometer equipped with a temperature controlled cell compartment set. at the temperature of
chromatography.

Optical densities at 240 nm were recorded at 30

second intervals.
varied, the
present.·

Although the initial absorbances of each tube

OD/min remained strictly proportional to the enzyme

The resulting plot of velocity vs. volume yielded a fron-

tal elution pattern.

ESTABI.ISHMENT OF THE ACTIVE MONOMER THROUGH ULTRACENTRIFUGATION

Sedimentation
Analytical sedimentation data were obtained using a Spinco
Model E ultracentrifuge equipped with a split-beam automatic photoelectric scanning optical system

(Lamers~

al., 1963).

The sedi-

mentation experiments were performed in 12 and 30 mm double sector·
cells.

Enolase samples were prepared by dissolving the stock en-

zyme in buffer and diluting this stock to give the desired concentration assuming an extinction coefficient of E1% equals 0.90
(Malmstrom, 1961).

280

Sedimentation Equilibrium
Because of condensation of oil on the lenses which occurs at
the elevated t~mperature (40°) during the course of a normal

-23sedimentation equilibrium experiment (24 hours), it was necessary
to obtain molecular weights in a very short time.

This requirement

was met by using the Archibald technique in conjunction with absorption optics as first described by de Groot et al. (1969).

This

method allows for calculation of molecular weights at very low con-

centrations with relatively little work.

The two variables needed

in order to obtain Archibald molecular weights are the concentration of the protein and its concentration gradient, dc/dr, at either·
the cell meniscus or cell bottom.

As an ultracentrifuge equipped

with a split-beam automatic photoelectric scanning optical system
provides a direct measurement of

concent~ation

throughout the cell,

it is possible to obtain concentration directly at the cell bottom
or cell meniscus.

Also, the concentration gradient, dc/dr, can be

obtained from the same output data, for the slope of the trace as
it passes through the meniscus will be dc/dr.

Figure 3 is a sche-

matic drawing of a typical scanner trace including the line drawn
through the meniscus whose slope is equal to dc/dr and whose point
of intersection with the meniscus is equal to concentration at the
meniscus.

Because of problems with

convectio~

currents at protein

concentrations below 5 mg/ml, all sedimentation equilibrium runs
were performed in the presence of

5%

sucrose.

A partial specific

volume of 0.735 cc/gr (Bergold, 1946), was used in the molecular
weight calculations.

Scans were obtained at 280 nm and at 236 nm

for low protein concentrations.
Sedim8ntation velocity
Sedimentation velocity studies were performed by following
optical density at either 280 or 236 nm, using a Spinco Model E
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analytical ultracentrifuge equipped with a split-beam photoelectric
~

scanning system.
520

, w

All sedimentation coefficients were corrected to

according to Schachman (1957).

Sedimentation velocity

analyses at low protein concentrations (10 ug/ml) were carried out
according to the active enzyme centrifugation method of Cohen
(1967), using the absorption scanning optical system.

~ ~·

This proce-

dure involves layering a band of enzyme on top of its substrate
and observing the formation of product as the band of enzyme sediments.

Specifically, 10 ul of enolase, dissolved in 0.1 M tris-HCl,

0.001 M MgC1 , pH 7.4, is layered at 5000 rpm on top of 0.34 ml of
2

the reaction mixture contained in one sector of a 12 mm charcoal-

filled Epon type I band forming centerpiece.

The reaction mixture

consistcdof the above buffer plus 2.44 x 10-J M PGA and

5%

sucrose

which provides a density difference between enzyme and substrate
thus insuring proper layering of enzyme.

The production of PEP was

followed by scanning the cell at 240 nm.

Sedimentation velocity

coefficients were measured by following the half-height of the
plateau during sedimentation.
to measure sedimentation

Using this method, it was possible

coeffi~ients

for enolase down to 0.03 ug/ml.

THE KINETIC PROPERTIES OF MONOMER AND DIMER:

TH.E EFFECTS OF VARIOUS

ANIONS ON MONOMER AND DIMER

In order to evaluate the kinetic properties for the monomer
and dimer, a temperature was selected at which sli.ght changes in
protein concentration could drastically effect the equilibrium
position with respect to the prevailing species, i. e., monomer or

,.

-26dimer.
cate.

Three sets of five six-inch test tubes were set up in dupliSet one contained 2 ml of enzyme in assay buffer at a con-

.....
..... .
cen1..ra
. . ion of 0.086 ug/ml.

(at
~,·

At this concentration, the enzyme

37°) was totally in its monomeric state as previously deter-

mined by its elution volume on the column previously described.

~··

i set two contained 2 ml of enzyme in assay buffer at a concentration
[~ of o.6 ug/ml. At this concentration, the enzyme species present
f
~;

~·~

r
~

k

"t·
r.

constituted a monomer-dimer mixture.

The third set contained 2 ml

of enzyme in assay buffer at a 4.2 ug/ml concentration which corresponded to the dimeric state.

The tubes were inserted into rub-

~

ber coated test tube racks and immersed into a water bath set .for

37°.
utes.

The tubes were found to temperature equilibrate in two minThe catalysis reaction commenced upon addition of 50 ul of

substrate solution of varying concentrations to each tube at one
minute intervals:

i

In no case were the substrate concentrations so

great as to saturate the enzyme or so small that an equilibrium
could be achieved.
the Results.

The actual substrate concenirations,:are given in

Ten minutes after the reaction was initiated, the

reaction was stopped by the addition of one drop of concentrated
HCl (3M) to

eac~

tube.

The total optical density was then deter-

mined at 240 nm on the Beckman DU spectrophotometer.

The optical

density was divided by ten to give velocity values in terms of
60D/rnin.

Double reciprocal plots were then constructed relating

inverse velocity to inverse substrate concentration.

This allowed

Vmax and Km values to be determined for the dimer, monomer, and a
mixture of the two.

. -27Double reciprocal plots were then constructed using the identical procedure with the following modifications.

The enzyme con-

centrations used were 0.086 ug/ml (corresponding to monomer) and
4.2 ug/ml (corresponding to dimer).

Bromide ion (KBr) was added to

the assay buffer in O.l M concentration.

The resulting double re-

ciprocal plot yielded Km and Vmax values for monomer and dimer in
the presence of bromide.
In another set of experiments, four double reciprocal plots_
were constructed employing the same general procedure previously
described with the following modifications.

The enzyme concentra-

tion in eacn tube was 0.086 ug/ml corresponding to the monomeric
state.

The Km and Vmax values first determined corresponded to a

bromide concentration ( i •. e., bromide in the buffer) of 0.1 M.
For the three subsequent kinetic analyses, bromide concentrations of
0.2, 0.3, and 0.35 M were used.

The objective of these experiments

was to determine the variation in both Km and Vmax for the monomer
as a function of bromide.

Once these values were known, the identi-

cal experiments were performed in the presence of chloride (KCl)
and acetate (also the potassium salt).

-28CHAP'I'ER III

EXPERIMENTAL RESULTS

rf TllE Pl'llIFICATION OF YEAST ENOLASE
f·'

The elution pattern obtained from the ion exchange chroma-

~

t~ tography of the purchased yeast enolase preparation is given in
!-

~ ~ig. 4.
~·

>.

Since the major peak of the optical density curve coincides

with the activity curve peak (fraction 29) the initial indication
is that t.he enzyme is of relatively high purity as purchased.

Frac-

tions 18 through 45 were then pooled as described in the procedure.
The properties of this pooled lot are compared with the starting
preparation in Table I.

The standard of purity for yeast enolase

is taken as that value cited by Malmstrom (1961).

From all indica-

tions then, the purchased enzyme appears to be of a quality such
..:

that further purification, for our purposes, is unnecessary •.

T!{E REVERS I BII.,JTY OF

THERl\1AT~

IJRNATURATION

Table II represents a summary of the data pertinent to the
proposition of reversible thermal denaturation.

This table provides

a direct comparison of activity percentages (the per cent of initial
enzyme actually converting substrate to product) obtained after incubation at elevated temperatures with those observed after rapid
cooling to room temperature (2J 0

± 1°). The values recorded at

4o 0

ha.ve little bearing on the·denaturation problem since only a modicum of inactivation is observed.

For an identical enzyme solution

however, over half the activity dissipated during a tw~nty minute

6.0

0.5

·o.o.

60.D1M·.
· 1n.

280

(xl0

2

mµ

)

240 m;

\

I
N

'°
I

0
.Fig~ ·4·
.

Fraction

Number

60

'Elution potterns for yeast enclose on C-M cellulose. The .

followin~ notation is used; -~-~-o- represent~ enzyme elution based
on activity, - - - - - represents O.D. ·cohtinuous'l.y recorded at 280nm,
----- represents buffer grndient.
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TABLE I

Properties of Purchased and Purified Yeast Enolase

Enzyme Concentration
Determined at 280 nm
using o. D. = 0.01 =
1 mg/ml*·

Reaction
Velocity

ug/ml

Specific
Activi t;'t'

o.

D.240nm/min/ug

Purchased
Enzyme

1.0

1.19

1.19

Purified
Enz:lme

1.1

1.33

1.21

Literature
Value*

*Malmstrom (1961)

1.20

-.31incubation at 45° is recoverable upon cooling.

At

50°, less than

t half of the activity lost after 15 minutes of incubation can be
~

~·.

t

regained,

At

55° and 15 minutes incubation time, most of the acti-

r· vi ty lost is non-recoverable in the cooling process.

The tenden-

cies then are clear, not ,,unexpected, and may be summarized as fol-

lows:

The longer the enzyme solutions were subjected to higher

temperatures and extended time periods, the less likely the activity
was to be recovered.

On.the basis that some of the activity is recoverable while
some is not, it is reasonable to postulate the existence of two

inactive enzyme forms mechanistically identified by the following
equation:
kl

E

===-==
kz

o::,

eqn ( 1)

The designation E represents active enzyme, E*, an inactive yet
reversible intermediate, and D, an irreversible and inactive enzyme

form.

We are identifying these species, hence distinguishing them,

on an experimental basis.

The possibility thus exists that each

species represents a number of easily interconvertible forms (species of similar free energies with minimal activation energies

separating them) that cannot be experimentally differentiated.

The

reaction scheme given in equation (1) then represents the minimum
number of steps through which the thermal denaturation process m~y
proceed.

The Rever§_Lbility of

The~mal

Denaturation*

=================================:::::===============================•====••-=-====•=wwww==========•-~-=~

Incubation
Time
at Elevated
Temperature
(in min.)

v•
0
at
Elevated T

(~OD/min)

v•-f
at
Elevated T
(AOD/min)

% Act
vf
at
lost
230
Eleat
after
vated T EleT (A. OD/min) cooling
v or.• -v , f vated
v• -v•
0
f
(A.OD/min)

% lost

v•

vo-vf
v

v 0 -v f

0

x 100

VO

x 100
40

5

10
15
20

0.0600
0.0600
0.0600
0.0600

0.0600
0.0600
0.0588
0.0576

0.0012
0.0024

0.1060
0.1060
0.1060
0.1060

0.0975
0.0944
0.0912
0.0850

0.0085
0.0016
0.0148
0.0212

0.1780
0.1780
0.1780

0.1602
0.1335
0.1068

0.2080
0.2080
0.2080

0.1768
0.1248
0.0728

0.0300
0.0300
0.0300
0.0300

0.0300
0.0300
0.0297
0.0294

0
0

0
0

0.0003
0.0006

1
2

0.0294
0.0291
0.0285
0.0276

0.0006
0.0009
0.0015
0.0024

2

11
14
20

0.0300
0.0300
0.0300
0.0300

0.0178
0.0475
0.0112

10
25
46

0.0300
0.0300
0.0300

o. 0273

0.0288
0.0228

0.0012
0.0027
0.0072

4
9
24

0.0312
0.0832
0.1352

15
40
65

0.0300
0.0300
0.0300

0.0270
0.0216
0.0135

0.0030
0.0084
0.0165

1028

0

0

0

0
2

4

I

5

10
15
20

5

10
15

5

10
15

#

=±:

8

3
5
8

55

res:: : •

*Footnote to Table II: The primed velocities represent instantaneous velocities at elevated temperatures. Not primed velocities represent velocities at room T (230). V0 represents initial velocity at start of experiment. V' 0 represents initial velocity at elevated T. V'f represents final velocity at elevated T. Vf represents final velocity at
room T after· cooling.
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-JJTHE EFFECT OF BROMIDE ON THE REVERSIBILITY OF THFRrt:AL DENATTJRATION

The data indicating the effect bromide ion has on the reversi!

bili ty of thermal denaturation is presented in •rable III.

From

this data, it appears that bromide in cqncentrations of 0.05 M has
little effect on either inactivation or reversibility when compared
with those values obtained in the absence of bromide (see Table II).
However, at greater bromide ion concentrations, a clear trend is
seen to· develop.

In every case, the presence of bromide increases

the percentage activity lost after incubation at elevated temperatures and decreases the amount of activity recoverable upon cooling.
This is most markedly demonstrated at 55° when~ after 15 minutes
incubation time, 100% of the activity is lost and none is recovered
from the cooling procedure.

It then appears that bromide ion shifts

the reaction scheme indicated by equation (1) to the right, resulting in the observed activity decrease (less E) and reduced reversibility (more D).

From similar experimentation performed in the

presence of acetate, (also see Table III), the indication is that

-\-l'-e_

reversibility observed is different from that of bromide at equivalent concentrations.

It furthermore appears that acetate exerts

little or no effect on the reversibility of denaturation at all
when compared to the experiments where no salt (other than buffer)
was present (see Table II).

The purpose for including these experi-

ments using acetate was to determine whether the observed results
can be ascribed to ionic strength phenomena.

From the apparent

differences between bromide and acetate at identical concentrations,
this appears not to be the case.
further later (see Discussion).

We shall consider this possibility
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Salt
Cone.
(M/l)

Incubation
Time at
Elevated T
(in min.)

v' f

v' 0
at Elevated T

at Elevated T

(~OD/min)

(~OD/min)

% Act

lost
at Elevated T
v' 0 -v' f

vf
230

( OD/min)

after
cooling
(60D/min)

VO

% Act

lost

vo-vf
v

0

x 100

x 100

5

0.106
0.106
0.106

5

0.180
0.180
0.180

10
15

50

10
15

9

0.030
0.030
0.030

0.030
0.029
0.028

2

10
26

0.030
0.030
0.030

0.029
0.027
0.022

4
9

11
14
0.162
0.133
0.090

50

.3
5

25

I
\....)

.{:::""

I

55

45

5

10
15
0.100

0.100
Br-

55

0.100

0.175
0.117
0.061

10

0.030

0.027
0.021
0.014

10
12
16

0.030
0.030
0.030

0.029
0.029
0.027

3
3
7
12

15
43
70

0.030

o.OJO

5

0.108
0.108
0.108

5

0.180
0.180
0.180

0.160
0.126
0.084

11

o.OJO

53

0.030
0.030

0.028
0.026
0.021

0.205
0.205
0.205

0.161
0.124
0.084

24

0.030
0.030
0.030

0.025
0.180
0.105

10
15

50

0.206
0.206
0.206

10
15

5

10
15

JO
65

90
;:;a ;;;:

.. =::;;;a::;;-tt ;;:

av a

JO

SJ

5

29
15
40

65.
t

TABLE I I I (can't)*

____ ______
........,,,
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Salt
Cone.

cy1)

Incubation
Time at
Elevated T
(in min.)

at Elevated T

v•
f
at Elevated T

(~OD/min)

(b.OD/min)

v' 0

% Act

vf

lost

at Elevated T
v' 0 -v' f

% Act

lost

23°

(Cl.OD/min)

VO

after
vo-vf
cooling
VO
(D..OD/min)
x 100

x 100

4.5'

5

50

0.090
0.085
0.079

15
19
25

0.030
0.030
0.030

0.028
0.028
0.025

15

0.180
0.180
0.180

0.131
0.091
0.054

27
49
70

0.030
0.030
0.030

0.027
0.023
0.150

10
23
50

0.206
0.206

51
98
100

0.050
0.050
0.050

0.180

0.206

0.100
0.004
0

40
78
100

5

0.204
0.204
0.204

0.0300
0.0801
0.1350

16
41
68

0.030
0.030
0.030

0.270
0.210
0.140

10
27
58

5

0.205
0.205
0.205

0.0319
0.0831
0.1367

14
38

0.030
0.030
0.030

0.284
0.210
0.130

14
27
56

0.204
0. 20L~
0.204

0.0328

12
36
61

0.030

0.273
0.210
0.145

12
27
59

5

10
15

55

0.150

Br

55

55

55

5

10
15

10
15
0.10

10
15
0.150

5

10
15

·:tFootnote to Table III 1

6
6

0.106
0.106
0.106

10
15

All

0.0883
0.1388

65

0.030
0.030

symbols used areas defined. in-Table II.

0.066
0

I
\_,.)

'-"
I

t
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TB? 7·1 .·FRMODYNAMICS AND KINETICS OF DFNATURATION

The experimental evidence thus far presented strongly substantiates the reaction scheme represented by equation (1), i. e., that
thermal denaturation can be reversed to some extent depending on the
conditions.

Furthermore, it appears that bromide ion tends to shift

these reactions toward the right.
of a qualitative nature.
t

However, these observations are

It would therefore be advantageous and

considerably more meaningful to relate these phenomena on a quantita ti. ve basis through a thermod:,rnamic and kinetic evaluation.

Such

an attempt represents a "first" of sorts since acti vi.ty studies have
never been so directed (see Introduction for complete discussion).
The difficulty with being first is arr obvious one; since there is no
precedent, there can be no "well laid outu path to follow.

For this

reason, the following section is presented in the hope of clarifying
the path we have 6hosen to follow •

. THEO::tY

At elevated temperatures, a plot of s.:.;.:.bstrate {O.D.)as a function of time is of a parabolic nature as indicated in Fig. SA, curve
a.

This parabolic behavior is the direct result of thermal denatura-

tion, i. e., as time progresses, active enzyme is dissipated.

The

6 values indicated in this figure represent the optical density
accumulated in each specific minute of reaction time and are obtained by subtracting the optical density present at the beginning of the
minute interval from that at the end.

Since thermal denaturation

has classically been considered a first order or near first order

-"J7
J -

A
0.0.

.l

r '.'
'.f.
~~

~,,

"

:t .

Log
~n

t (Min.)

4

B

t (Min.)

4

c
Log

8n

t · ( Min.)

4
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Figure 5
A.

Curve b represents the accumulation of

o.

D. (240 nm) for

the enolase catalysis reaction incubated at elevated ternperatures, hence undergoing denaturation.

Curve a repre-

sents the extrapolation of v 0 indicating the optical density pattern if rto denaturation were to occur.

The

val-

ues represent the actual optical density accumulated in
each minute of reaction time.

The

values represent the

deviation of the observed behavior from ideality due to denaturation.
B.

The log of the

~values

plotted vs. time •. This curve is

linear as expected for first ordered reactions.
trapolation of such a curve yields the value, v 0 •

The exAs em-

phasized in the text, this curve is constructed from the

.6.. values.' However, all values read off this curve are
designated by vn.

c.

The log of the/ values vs. time.

Since_,/ is proportional

to denatured (inactive) enzyme, the extrapolation to t 0
would be expected to intersect the origin.
sents both E* and D.

The

repre-

However, as long as such a plot is

linear, the kinetics described by eqn 3 prevail and no D
is formed.

Only in this area of linearity (usually the

first 2 minutes) may the value of ve be anticipated as described in the text.

.

-

-39process (for discussion, see Joly, 1964), the subsequent
t

plot would be expectedly linear (Fig. SB).

straight line is drawn through

th~se ~values

Once the

0

log~vs.

best••

so plotted, an instan-

taneous velocity can be read directly off the curve for any minute
during the course. of the reaction.

For clarifica:tion then,6,_n rep-

resents the instantaneous velocity for any given minute of the reaction as actually measured in t_he experiment, whereas vn represents
the instantaneous velocity read off the curve which has been constructed from and is most consistent with all the measured .b.. values.
In this presentation, these

~

and v values are of paramount impor-

tance since all the relevant thermodynamic and kinetic parameters can
be

obtained once these values have been determined for a series of

temperatures.

This includes the determination of v 0

taneous velocity at time zero (the
extrapolation (see Fig. SB).

initi~l

,

the instan-

velocity) determined from

This value is proportional to the cata-

lysis rate constant and unaffected by denaturation.

Consequently,

if our approach is correct, we should not only e_xpect a log v 0 vs.
reciprocal absolute temperature plot to be linear, but the activation energy determined from the slope of that curve, consistent with
the values given in the literature.

'.r.HF.RMODYNAMICS

If indeed denaturation proceeds in a manner described by equa-1-·

vl.On

(1), then the equilibrium constant governing the reversible
k1
\ k2

E ;:::::=== E*

kJ) D

eqn (1)

-40of this reaction can be written in the following manner using
as a basis (see Appendix for derivation):
K = (v

o - v eYv e

eqn (2)

where v represents initial velocity
of cata£ysis reaction and v represents velocity of catalysisereaction
when denaturation has reached
equilibrium.

·stantaneous velocity of the catalysis reaction at any time, t,
,during the denaturation process, and at any temperature, T (see
for derivation):
v

=

+

Vo - V e

Ve

eqn (J)

: This equation defines the parabolic dissipation of activity as dena tura tion proceeds toward equilibrium.

Now in the early stages of

Xeaction (before D has accumulated to any. significant extent), the
'.driving force for the reaction i's likely to be towards the equili~brium position.

By inserting the values v

at t , and v 2 at t
1
2
1
Jreaction velocities at minutes 1 and 2), into eqn (J), said equabecomes immediately soluble in terms of experimentally mea-

-41-

surable quantities (see Appendix for derivation):
eqn ( 4)
This procedure allows for the ttmathematical anticipationu of equilibrium even though this equilibrium has no physical counterpart or
reality.

The behavior of the system in its early stages (when the

tendency toward equilibrium is most strongly adhered to, i. e.,
e~n (J)

v

e

is most rigorously obeyed) can be extrapolated to determine

which, in turn yields K (see eqn 2), 6. H0 and [).So.

KINETICS
Once the thermodynamic parameters have been evaluated, the
kinetic parameters follow directly.

The rate constant, k1 , may be
evaluated as follows (see Appendix for derivation):
eqn (5)

The value k 2 may then be calculated from the equilibrium constant
since (see Appendix for derivation):
eqn (6)
The various activation energy parameters can be determined in the
usual fashion.

-42A9'T1TVATION ENERGY FOR THE ENOI.JASE CATALYZED REACTION·

The v

0

values for the enzyme catalyzed reaction for tempera-

tures ranging from 46° - 60° are given in Table IV, column 1..

The

logarithmic variation of these values as a function of reciprocal
absolute temperature is indicated in Fig. 6.

The slope of the line

in this figure is 2.8 x 103 units which is commensurate with an experimental activation energy of ·13,800 cal.

The previous work of

Malmstrom and Westhead (1957) indicates this value to be 14,200 cal.
which is essentially in agreement with our observations.

More rele-

vant than the actual value however, is the following consideration.
Westhead's velocity determinations were confined to lower temperatures in order to avoid denaturation.

Our measurements, while span-

ning temperature regions over which denaturation is known to occur,
still yielded a reasonable activation energy value while maintaining a stric linearity, thus giving credence to the technique.

THE THERMODYNAMICS OF DRNATURATION

The equilibrium constants for the reversible phase of thermal
denaturation (as indicated by eqn 1) in bromide ion concentrations
ranging from 0-0.2 M and derived from equations (2) and (4) are
given in Tables IV, V, and VI.

The logarithmic variation of

~ach

series .of equilibrium. constants as a function of reciprocal absolute
temperature is shown in Fig. 7.

The average .6 H0 value derived from

the slope analysis in each case is J4,056 !,

450 cal/mole.

Thus it

appears that weli within our' ability to measure, the standard enthalpy for the denaturation process is relatively independent of

-·

. -43-

15

10

/

I

I '

5

320

340

Fig. 6. The logarithmic variation of tb..e initiai .reactic.ri veJ.nc- .1
ity of the tJnolase ent.alyzeO. rc?ction as
.

R

f'u!:lction .of rccip:::·o.:::e:li

ebsol~te temoernt~re. From the slope of this lin~,

I

the activatic~
enere;y for the catalysis process can be evaluated and is found to
be lJ,800 cal.

-44-

bromide.

This means that the observed variation in the equilibrium

constant is largely dependent on the variation in the standard
entropy,~s 0 •

If we assume a~H 0 value for the denaturation process
0

for de-

naturation can be calculated at every temperature studied.

Such a

to be about 34,000 cal. for the sake of calculating, at.:..S

f
r

~:

l

standard entropy change with no bromide present is found to be lOJ

e. u. with a standard deviation of 2.4. For O.l M Br-, the observed
·:r
[ bS 0 is 106 e. u. with a standard deviation of 2.5. For 0.2 fil Br-,
f:
pt the standard entropy change is 110 e. u., also with standard deviation
~~·

of 2.5.

t

tude of these values later (see Discussion).

t'

We shall attempt to evaluate both the meaning and magni-

~

c·

~;

~·

THE KINETICS OF DENATURATION
The rate constants calculated from equations (5) and (6) (i. e.
k1 and k 2 as defined in eqn 1) are tabulated both with respect to
bromide ion concentration and temperature in Tables IV, V, and VI.

(t·
i:i-

t'

The logarithmic variation of each rate constant as a function of reciprocal absolute temperature is indicated in Figs. 8 and 9.

In

each plot, bromide is seen to increase both the rate constant and
the activation energy as experimentally established upon slope analysis.

Quite clearly, this is an apparent contradiction for increas-

ing rate constants are usually considered in terms of decreasing
activation energies.
Discussion).

We shall evaluate this phenomena later (see

At this point, it suffices to say that the experimen-

tal activation energies as well are summarized along with the thermodynamic data in Table VII.

• •
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Di:f:ferences ( 240 nrri) ·Determined at l. Minute 1nterva1.s for

-===-==========================================================~::=;==:::::=::::=;::;:;~~==-===-=:;.__..~-

T0

,, L\OD

L\OD

L\OD

L\OD

Min 1

Min 2

Min 3

Min J4

Min

4-6

0.238

0.213

0.192

47

0.198

48

o.• 234
o. 265

49

tiOD

L\OD

L\OD

L\OD

l'iOD

5

Min 6

Min 7

Min 8

Min 9

Min 10

0.175

0.168

0.142

0.128

0.116

0.165

0.135

0.114

0.095

Oo078

0.066

0.235

0.208

0.182

0.160

0.141

Ocl25

0.110

0.097

0,086

0.282

0.249

0.220

0.190

0.172

0.151

0.132

0.114

0.104

o.osn

50

0.285

0.248

0.219.

0.191

0.168

0.150

0.131

0.109

0.105

0.090

51

0.290

Oc258

0.222

Oo200

0.178

0.158

0.140

0.121+

0.110

0.085

52

0.312

0.261

0.220

0.186

0.157

0.132

0.121

o. 09l}

0.079

0.066

53

0.315

0.260

0.219

0.184

0.152

0.128

0,117

0,086

0.070

0.050

54

0.342

0,.280

O~JJO

0.190

0.155

0.130

0.105

0.086

0.071

0.058

55

0.365

0.280

0.222

0.171

0.135

0.105

0.081

0.630

o.490

0.038

56

0.388

0.303

0.243

0.187

0.147

0.116

0.092

0.072

0.510

-·----

57

o.4oo

0.310

0.245

0.190

0.11.i-7

0.116

0.091

0.068

58

o.4o4

0.300

0.230

0.170

0.130

0,094

0.070

59

o.420

0.300

0.215

0.165

0.107

0.070

60

O.L}04

0.302

0.190

0.131

0.081

L\OD

=

*For complete explanation of symbols, see Text •
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y 0 , y 1 , y 2 , for the Thermal Denaturation of
Yeast Enolase and the Relevant Thermod~namic and Kinetic Parameters Subseg,uentl:t Derived
The Instantaneous Velocity

T° C

VO
~OD/min

vl
C:.OD/min

Valq~,

V2
/.::..OD/min

Ve

K

kl
. -1
min

b.OD/min

k2
min

-1

.· 0
~F

(-RTlnK)

cal/mole
46

0.269

0.237

0.214

0.155

0.735

o.o4o

o. 054 .

47

0.281

0.237

0.217

0.150

0.870

0.049

0.056

89.9

48

0.302

0.265

0.237

0.148

1.03

0~059

0.057

-18.-6

49

o. 323

0.279

0.253

0.144

1.23

0.073

0.059

-133.3

50

0.325

0.284

0~255

0.132

1.45

0.090

0.062

-239

51

0.331

0.288

0.258

0.14

1.75

0.110

0.063

-362

52

0.370

0.320

0.260

0~121

2 •. 05

0.135

0.066

-461

53

0.380

0.320

0.270

0.111

2.40

0.166

0.069

-570

54

o.416

0.347

0.275

0.108

2.85

0.205

0.072

-680

55

o.470

0.355

0.281

0.107

3.39

0.250

0.074

-787

56

o.490

0.370

0.301

0.097

. 4. 02

0.310

0.077

-881

57

0.502

o.4o4

0.335

0.087

4. 71

0~381

0.080

-990

58

0.534

o.411

0.350

0.081

5.60

o.470

0.084

-1125

59

0.565

o.420

0.355

0.074

6.60

0.575

0.087

-1267

60

0.602

o.4oo

0.278

0.060

e.oo

0.710

0.087

-1389

194

I

~

°'I

_ _.._ __.---..........................._.....
v.;;;..;el;;..;.o_.c;..;;;i-...t....,y_V.-a=l--u;;.;;;e=s__.._v,

0

v

,

2

:for the Ther~al 'ne~atura ti on ~ f ·Yeast

Enolase in 0.1 M Br- and the Relevant Thermodynamic and

Kinetic Parameters Subseauently Derived
vl

VO

T° C !.).OD/min

' . 'v 2

Ve

l~OD/min

/':::..OD/min

6.0D/min

K

kl
min- 1

k2
. -1

min

t. F

0

(-RTlnK)
cal/mole

46

0.267

0.229

0.202

0.142

. o. 885

0.049

0.055

77.8

47

0.283

0.236

0.204

0.138

1.05

0.062

0.059

-30,7

48

0.302

0.248

0.213

0.134

1.25

0.076

0.060

-144

49

o. 320

0.250

0.204

0.128

1.50

0.095

0.063

-260

50

0.326

0.257

0.215

0.117

1.77

0.120

0.067

-368

51

0.330

0.265

0.209

0.116

2.10

0.147

0.070

-479

52

0.370

0,280

0.229

0.105

2-.50

0.185

0.074

-594

53

0.381

0.291

0.230

0.095

3.0

0.215

0.071

-710

54

o.415

0.300

0.232

0.090

3.6

0.285

0,079

-837

55

o.46o

0.320

0.234

0,080

4.25

0.350

0.082

-944

56

o.489

0.330

0.254

o. 0'17

5.0

o.44o

0.088

-1059

57

0.502

0~340

0.240

0.065

5.5

0.540

0.098

-1122

58

0.534

0.340

0.227

0.059

7.1

0.670

0.094

-1297

59

0.565

0.330

0.251

0.059

B.5

o.84o

0.098

-1420

60

0.602

0.320

0.211

0.054

10.l

1.0

0.099

-1538

I

~

"'J

.

•
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The Instantaneous

Values v 0 , Y1' Y2 f'or the Thermal Denaturation of Yeast
Enolase in 0,2 M Br - and ,.:.\;}).~ Rel!?vant The:t;'.l]Oq:t;na!l}i.C and
VeJ;..Q£tt~

Kinetic Parameters
:-

T° C

VO

vl

C.OD/min

AOD/min

v2
/~OD/min

Subseguentl~

Ve

Derived.

K

kl
. -1
min

D.OD/min

k2
min-l

t.Fo

(-RTlnK)

cal/mole

46

0.267

0.219

0.192

0.130

i.05

0.062

0.059

47

0.282

0.235·

0.203

0.122

l.JO

0.081

0.066

-167

48

0.300

0.240

0.198

0.115

1.60

0.102

o. 064.

-301

49

0.319

0.245

0.197

0.108

1.95

0.140

0.071

-4Jl

50

o. J26

0.254

0.203

0.095

2.40

0.185

0.077

-565

-30.6

I

~
Q.)

51

0.329

0.261

0.210

0.083

2.95

0.220

0.075

-699

.52

0.371

0.260

0.198

0.081

3.60

0.320

0.088

-832

53

0.381

0.250

0.188

0.070

4.45

o.410

0.092

-971

54

o.414

0.251

0.663

0.064

5.45

0.550

0.099

-1111

.55

o.46o

0.248

0.149

0.059

6.70

7.10

0.105

-1246

56

o.481

0.239

0.134

0.052

8.10

0.890

0.109

-1375 .

57

0.502

0.251

0.138

0.045

10.0

1.25

0.125

-1518

58

0.531

0.220

0.106

0.039

12.5

1.75

0.140

-1668

59

0.551;1

0.210

0.093

0.024

21.5

2.40

0.111

-2038

60

0.599

0.700

0.078

0.020

28.0

.3 • .50

0.125

-2217
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TABLE VII

A Summary of Kinetic and Thermodynamic Properties
for the Thermal Denaturation of Yeast Enolase

6H 0

(cal/mole)

entropy units

('

.

.

t.. 1 -Experimental

Energy for k1
(cal/mole)

34,000

34,000

J4,000

104

106

109

41,200

43,200,

52,000

Activation

~ 2 -Experimental Activation
Ener~y for k
(cal/mole) 2

8,600

-53COLTJr,:N CHROMATOGRAPHY STUDIES PERTAINING TO THE ACTIVE ENOLASF.
MONOMER

Elution volumes for the various marker molecules

45° are listed in Table 8.

at 25° and

The ve/v 0 values obtained fit rather well

on the calibration curve prepared and published by Determann (1969)
on the basis of all available literature data.

In addition, since

the elution volumes appear independent of temperature, this calibra-

tion curve can be used to estimate molecular weights over the given
temperature range.

Elution volumes for yeast enolase in the absence

and presence of Br- as obtained both by zonal and frontal techniques

were found to be .58 • .5 ml and 73 ml respectively (see Fig. 10, Part a}.
Such elution volumes are consistent with molecular weights of approximately

66,ooo and JJ,OOO.

The results of ·molecular weight determinations performed at
various enzyme concentrations indicate only a single elution volume
could be detected corresponding to a molecular weight of about

66,ooo over a concentration range from .50.0 ug/ml to 0.01 ug/ml.
The variation in elution volume as a function of temperature
for the enzyme in the presence of substrate is

10, part b.

il~ustrated

in Fig.

The observed elution volume increases with temperature

until 43°, where an elution volume corresponding to that obtained
in 1 M Br- is reached.

Then above L~3° at a concentration 0.75ur.#nl,

yeast enolase is completely dissociated.

Since the enzyme was de-

tected by activity measurements, the monomeric species must be active.
Part b of Fig. 10 also illustrates that the elution patterns
obtained are of a single-waved nature.

The monomer-dimer equilibri-
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TABLE VIII

Elution Volumes for Marker Molecules at 25° and 45°

Molecular
Weighta x 103

Blue Dextran

Ve 25°
ml

Ve 45°
ml

50.0

50.0

Rabbit Muscle
Eno lase

84

55.0

BSA

67

57.0

57.0

Ovalbumin

44

67.5

67.0

Chymotrypsinogen

25

83.0

83.0

aDetermann and Michel, 1966

·-.~-....-----~·-·

-- •

__________,_ _ _ _ _.....,,
_____
..,. _____._._._ _ _ _ _,___
..._,_..y._.._, _ _ _ _ _ _ __
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a
02
0. I

b
.12
.08_·

.04

60

70
EL.UTt01\!

Fi(~·

lO.

n)

VOLU~E

90'

80
{in

nll )

Ga11tn·atton of coll:..rnn for· dimers tind monomors

or
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then is rapid with respect to the rate of separation on the

column and the measured elution volumes represent weight average
molecular weights of monomer-dimer mixtures.

The concentration of

monomer and dimer present may be calculated from the following
formula:
(M) x MWM + (D) x MWn/(M) + (D)

eqn ( 9)

i

whe!"e (M) and (D) are the concentrations cf r:ionomer and dimer re-

spectively; MWM and MWD the molecular weights of monomer and dimer
respectively; and MW, the weight average molecular weight of the
mixture.

For the purpose of calculation only, the dimeric and mono-

meric molecular weights are taken as
cussion).

66,ooo and JJ,000 (see Dis-

From the equilibrium concentrations of monomer and dimer

and their variation with temperature, thermodynamic parameters can
be calculated by -the usual procedures (Brandts and Lumry,

1963).

The equilibrium constants calculated as a function of temperature
are given in Table IX.

The ~H 0 and t:..S 0 values for dissociation are

80 Kcal/mole and 221 e. u.,respectively.

UT./I'RACENTRIFUGATION STUDIES PERTAINING TO THE ACTIVE ENOI1ASE MONDrlER

Sedimentation Equilibrium
The results for this set of experiments were obtained using the
Archibald method modified for .use in conjunction with absorption
optics (see Procedure).

The principle advantage of this method is

that molecular weights may be estimated with a minimum of time and
effort.

At

25°, a molecular weight for the enolase molecule (see

-5?-

TABLE IX

Dependence of Elution Volume

on Temperature for Enola.se at 0.7 ug/ml

To

Plateau Reaction
Velocity
OD/min.

Ve
ml

MW

x io-3

-0

Keq x 10 "
Moles monomer/l

2)

0.07

58.5

66.o

JO

0.08

58.5

66.o

35

0.11

62.5

53.0

5

JS

0.13

64.5

50.0

91

40

0.16

68.5

43.8

275

43

0.18

73.0

33.0

4 -'c:

0.19

73.0

JJ.O

-58-

.>·~,w~:·t
Fig. 11, shaded circles) was found to be 90, 000 to 100, 000 (see

15 for molecular weight calibration curve obtained

:frcm

F~'g;.

Holleman,

.·":\·:>,i·
".:'•

i964) which roughly approximates the recent measurements of Mann
1970) and considerably exceeds the previously accepted value
-of 66,ooo (Bergold, 1946). At 40°, considerable dissociation was
r-t 8.l.

(

observed to take place as a function of decreasing protein concentration (see Fig. 11, clear circles).

At an enolase concentration

of 10 ug/ml, a molecular weight of 53,000 was estimated.

Due to the

limitations of the light source, it was impossible to study lesser
protein concentrations.

Still, a linear extrapolation of the ob-

served tendency to zero protein concentration resulted in a sedimentation coefficient commensurate with a molecular weight of 44,000.
It should be emphasized that these experiments on dissociation were
performed in the absence of substrate.
Sedimentation Velocity
The results for sedimentation velocity experiments performed
at 25° and 4o 0 are shown in Fig. 12.

These experiments, also per-

formed without substrate, but in the presence of

5%

sucrose to main-

tain a density differential (see Materials and Methods) appear identical to the results obtained using the sedimentation equilibrium
technique (Fig. 11).

These identical findings, while substantiating

the general validity of both techniques, also indicate that the molecular weight of the enolase dimer is to the order of 80,000, and that
the presence of the sucrose does not affect the observed sedimentation velocity results.
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The sedimentation velocity experiments performed in the presence of substrate and monitored at 240 nm (i. e., product is monitored) are considered in Fig. 13.

is shown to occur.

Once again, at 40° dissociation

However, substrate appears to have a profound

effect on the state of dissociation since in the presence of substrate,

50% dissociation occurs at 0.2 ug/ml and 4o 0

40 ug/ml at the same temperature in its absence.

as opposed to

Since, in this

particular instance, product formation is being monitored, the indication is that both monomer and dimer are active.

I{ this were not

the case, then the specific activity would decrease as the percentage
mo~omer

increased.

In Fig. 14, the specific activity is considered

as a function of enolase concentration.

The observed increase is

due to the fact that as the sedimentation coefficient decreases, the
time required to pass any given point in the centrifuge cell increases
resulting in more' product formed.

The insert in Fig. 14 corrects

for this time factor and illustrates that the specific activity does,
in fact;. remain constant as dilution occurs.

This finding is in

agreement with the column chromatography experiments in that the
dimeric enzyme form has a catalytic ability equal to that of its
two :nonomers under ·

Vmax

conditions.

The fact that the

monomer-dimer mixture sediments as a single boundary indicates once
again that a rapid equilibrium exists between the two species since,
if this were not the case, sedimentation would occur in two fronts.
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TFF KINETIC PROPERTIES OF MONOMF.R AND DIMFR; THE EFFECT OF ANIONS
ON THR N'.ONOMER

In Fig. 16, the kinetic parameters (Km and Vmax) are considered
as a function of protein concentration at J7°.

At this temperature,

minor changes in protein concentration are capable of altering the
eQuilibrium position with regard to the predominating species.

In

this case, a 49-fold increase from 0.086 to 4.20 ug/ml (see Table X)
changes an essentially monomeric system to one where the dimer predominates.

From the figure, it appears that both species have iden-

tical maximal velocities, however the monomer has the greater Km
value.

From this, it may be predicted that upon substrate addition,

the dimeric form would be favored.

(see Results:

This has, indeed, been observed

Ultracentrifugation Studies).

When Lineweaver-Burke plots of the dimer are compared with similar plots of the dimer in 0.1 M Br-, the two are found identical
(Fig. 17).

This observation indicates that under these conditions

and to the sensitivity of these two parameters, Br- exerts no effect
on the dimer.

The only observed interaction of the bromide ion is

with the monomeric enzyme form.

This interaction is consistent with

and identical to that of a pure competitive inhibitor.

Such inhibi-

tion usually involves a substrate analog occupying, albeit non-permanently, the active site of the enzyme.

Even though bromide is not

an obvious structural substrate analog, it can be assigned the role

of competitive inhibitor through this kinetic analysis.
The effect of increasing bromide ion concentration beyond the
O.l

Mlevel

is indicated by the family of curves shown in Fig. 18.

From this diagram, two factors become immediately apparent:

with
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TABLE X

The Variation in the Predominating Enolase
Species at 37° as a Function of Protein Concentration

Prat. Cone.

ve *

ug/ml

in ml

%
Dissociation

Species

·0.086

73

100

monomer

0.600

66

51

mixture

4.2

59.5

* For

0

dimer

description of column, see Procedure.
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-70incr,2asing bromide, Km increases and Vmax decreases.

At eq_uivalent

bromide concentrations, the enolase molecule has been demonstrated
to be undergoing denaturation (Weber, 1970).

It would be reasonable

to expect that denaturation would then affect both Km and Vmax in
the manner observed.

The effects of chloride and acetate are summarized in a comparison with bromide in Table XI.

The chloride effects appear of a

similar kind, but lesser degree than bromide in that Km increases to
the point where denaturation is likely initiated.

In the case of

acetate, a similar behavior for Km is noted but no corresponding
change in V
is observed to any significance. The implication
max.
here is that all three anions affect monomer-substrate affinity, but
acetate has greatly reduced or 'no denaturation power.

Gawronski and

W2sthead (1968) have interpreted this behavior of acetate to mean
that acetate was incapable of forming monomers.

This is clearly not

the case for acetate; as with bromide or chloride, acetate also binds
to the monomer, thus shifting the equilibrium in favor of that species.

However,, acetate apparently does not have the denaturation

power of either Br
Discussion).

or Cl-.

We shall consider this point later (see
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TABI.E XI

The Effect of Br-, Cl-, and Acetate on Km and Vmax
of Monomeric Yeast Enolase at 37° C.

Ion

Br

,.., ,

v.!..

Ac

-

Cone.

Km

(moles/l)

10-L~ M

0.10

3.51

0.057

0.20

7. lL~

0.047

0.30

12.50

0.039

o.4o

25.00

o. 025

0.10

3.45

0.059

0.20

5.80

0.051

0.30

9.30

0.045

o.4o

19.10

0.039

0.10

J.64

0.059

0.20

4.60

0.059

0.30

5.20

0.,056

o.4o

6.71

0.057

Vmax

on 240/min
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DISCUSSION
With the hope of promoting some degree of cogency, coherence,
hence comprehensibility, I

have divided the following discussion

material into five basic sections.
thermodynamics of denaturation.

The first section involves the

Here, I

tail what is currently believed and what I

shall present in some dehave found; emphasizing

not only the differences but the reasons (in our opinion) for those
differences.

Secondly, I

interactions:
lar,

shall deal with two types of ion-protein

direct binding and solvent modification.

In particu-

I shall be examining methods in which salts can affect the

solvent structure, hence the proteins present therein, and then propos~

a theory which can account for the observed experimental be-

havior.

I

shall then extend similar solvent oriented arguments in-

to the area of protein-protein interactions in the third discussion
section.

Specifically, I_ shall be considering the effect of pro-

tein concentration on both denaturation and dissociation processes.
With regard to dissociation, I
of the active enzyme monomer.
on what

shall evaluate the very special case
In the next section, I

shall comment

I have experimentally observed concerning the kinetics of

denaturation.

Finally, in the fifth section,

"odds and ends":

I shall discuss two ·

The first involves the current controversy concern-

ing the molecuiar weight of yeast enolase; the second, the perennial
disagreement over the pathway of denaturation.

-73THE THERMODYNAMICS OF DENATURATION
In the previous section (see Resultss

The Thermodydynamics of

Denaturation), I have observed that the equilibrium constant, when
plotted in a logarithmic fashion, linearly varies as a function of
reciprocal absolute temperature.

This finding carries with it the

specific implication that the heat capacity, hence
atant over the specified temperature range.

H0 remains con•

Thus, our results ap-

parently are in direct contradiction with those obtained by Brandts

(1967) who, both experimentally and theoretically, has characterized
H0

the denaturation process by an extremely temperature sensitive
and

s0 •

The crux of this thesis, then, is the true thermodynamic

nature of denaturation:

How does the reaction proceed?

Brand ts• Theory
Brandts considers hydrophobic bonding to be the single most
important factor contributing to the native protein structure.

At

low temperatures, the hydrophobic bonding tendency arises from a
large negative entropy of solvation in water.

It has been sugges-

ted (Frank and Evans, 1945; Kauzmann, 1959; Nemethy and Scheraga,

1962) that this negative entropy arises from the ordering of solvent
molecules into "iceberg" or "clathrate" structures.

This clathrat-

ing tendency evidently reflects an effort on the part of the solvent
to maximize hydrogen bonding in the presence of a non-hydrogen
bonding solute (i. e. the hydrophobic side chain).

Such could only

occur, however, at a considerable entropy loss to the system.

The

precice nature of such clathrates have yet to be determined unambiguously although

-74it has been suggested, that they resemble the crystalline hydrates
which form the aqueous solutions of a number of non-polar gases at
high pressures (Masterson, 1954; Kauzmann, 1959).

As temperature

increases, these clathrate structures are disrupted (most likely
through melting)

thus the entropy for denaturation increasesj fi-

nally becoming large and positive.

Because of this melting

~henom

enon, 6.Ho would also increase at greater temperatures.
I

believe that Brandts has accurately observed and explained

the pertinent thermodynamic considerations for denaturation.

Further-

more, there is little doubt that what he sees is the direct result
of his technique.
Brandts' Technique
Brandts' explanation for the denaturation phenomenon has been
derived from data obtained using the "optical transition" as an experimental procedure (see Fig. 1).

What is of concern with such a

procedure is the definitive composition of the state characterized
by (D).

Quite clearly, he postulates that the structure of the spe-

cies contributing to (D) varies with increments in temperature, i.e.
the equilibrium for denaturation as a temperature function varies
not only with regard to product-reactant distribution, but the nature of the product formed as well.

Different products, of differ-

ing heat capacities occur over the temperature range where denaturation is studied, hence temperature dependent thermodynamic parameters are the inevitable result.

Thus it is the unavoidable contin-

gency of any optical procedure that the magnitude of the optical
parameter observed is a function (usually the sum total) of all species capable of absorbing or rotating under the given conditions.
/

-75In summary then,

~randts

believes that the relationship of the sol-

vent to the denatured state continually changes as temperature increases.

r.:y

'rechnig ue
My

chosen parameter for monitoring denaturation was enzyme

activity.

By following the loss of activity in the early stages of

the denaturation reaction, we have attempted to estimate an equilibrium point which is never achieved in actuality.

This equilibrium

determination is of a mathematical nature predicting "where the reaction would have ideally gone."

In 1926, Guggenheim, while studying

the reaction of phenyl ester with various amines, pointed out that
slower and unwanted side reactions which "skew the kinetics" (in our
case~

corresponding to irreversible denaturation) can be avoided

through an analogous sort of equilibrium point extrapolation.

He

then developed the equations necessary to accomplish this purpose.
I

have employed this technique (modified slightly, since enzyme ·

activities as opposed to enzyme concentrations were monitored) to
derive our thermodynamic parameters.
My Results
By the very nature of an activity analysis such as the one I
have presented, only the native (active) state is observed.
the derived thermodynamics pertain to only one well defined
its

ab~ence.

Thus,
~tate

and

This is somewhat unusual since the "standard" approach

to thermodynamics is to evaluate energy differences between two well
specified species.
.6.H 0 •

This may then explain the observed constancy of

If the disappearance of activity is contingent upon the break-

ing of any specific bond (characterized by a given 6.H 0 ), then this

•

-76would be the only value observed irrespective of the· extent to
which the denaturation process proceeded or the nature of the final
product at any given temperature.
In general, I take the position then that both Brandts• and
myself our correct.

The respective results only reflect what each

technique "is capable of seeing,"

Brandts' technique allows him to

see protein-solvent interactions.

However, the relevant thermo-

dynamics derived from such a procedure are quite unspecific (i. e.
they depend on temperature, the nature of the buffer, ionic strength,
and pH).

My results, though incapable of reflecting the changes

in solvent structure that lead to temperature dependent thermodynamic values, are quite specific, i. e. as long as the conditions (e.g.
pH, ionic strength, etc.) do not alter the native structure to the
extent that Vmax is affected, then a relatively constant
observed.

H0 will be

Thus, using my approach, the thermodynamics for the

naturation of various enzymes can be

ca~alogued

and compared,

de~
wh~re

as comparisons of the thermodynamics derived from optical techniques
are of marginal significance.

In essence, I have studied the ther-

modynamics of inactivation brought about through "denaturation" while
Brandts has studied the thermodynamics of gross molecular changes
brought about through "denaturation."

Experimentally, both are dif-

ferent; hopefully, both are relevant.
It is necessary to add at this time that the derived thermodynamic results are of questionable significance.

The basic as-

sumption made was that in the first few minutes, essentially no D
was formed.·

Upon reflection, however, this is clearly not the case.

The presence of D appears sufficient to distort the values of v 1
and v 2 to a considerable extent. Thus, what is observed is simple

...

-77first order thermal denaturation approaching zero activity and not
the approach to equilibrium as stated.

Therefore nothing can be

definitely stated.
Through the years, the adequate demonstration of equilibrium
has been a major problem with denaturation studies (see Tanford,
1970).

To circumvent this difficulty, equations have been derived

which indeed predict a theoretical equilibrium point.

Such equa-

tions are applicable only when irreversible denaturation is negligible during the time period when the measurements are being made.
With regard to the work presented herein, irreversible denaturation
in the first two minutes is clearly not negligible.

Never~heless,

it is believed that there is sufficient merit in the technique to
justify further experimentation which would be devoid of such criticism.
It should also be noted here that the values indicated in Fig.

5 should be plotted at t = 0.5 min, 1.5 min, 2.5 min, etc., to
minimize error.

ION-PROTEIN INTERACTIONS

Ions have long been recognized as "effectors .. of protein structure.

In general, ion-protein interactions have been classified in-

to two categories (Von-Hippel,· 1969).

The first of these is the
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relatively well known phenomenon of binding.
volves an ion-protein attachment.

Binding basically in-

If this attachment is of electro-

static origin, the strength of binding is largely dependent on ion
charge.

This "strength" can be experimentally assessed through the

determination of the equilibrium constant g.overning the formation

In contrast to binding, a second type

of the ion-protein complex,

of ion-protein interaction, the so-called lyotropic (Hofmeister or
specific ion) effect, is charge independent and .generally of an unspecific nature (i. e. no well defined quantifying parameter such
as an equilibrium constant can be applied).

Though the mechanism

is unclear, different ions are known to either stabilize or destabilize protein structure.

The subsequent ordering of ions according

to stabilization effectiveness has resulted in the development of
the Hofmeister series (Hofmeister, 1888; Von Hippel and Wong, 1964).
I

have experimentally observed that bromide can interact with eno-

lase in a manner consistent with either of these interactions depending on the conditions.

Consequently, I. should like to devote

the next few sections to a more detailed consideration of these effects.
Bromide Binding
I

have experimentally observed that the addition of bromide

to enzyme can manifest itself in an
I

increasing~

(see Fig. 17).

should like to point out that this effect was established at sub-

strate levels below those .required for complete saturation.

It is

then like,7U, since the bromide effect on Km is nullified upon further sub,trate addition, that

I am

observing a binding phenomenon.

If this is the case, then the Km values given in Table XI become

-79apparent Km values defined by the equation:
eqn 10
where i represents inhibitor concentration and Ki' the binding constant.

This equation may then be treated in two ways.

The Km val-

ue may be taken as that experimentally determined for the monomer
(see Fig. 17) or, as in the case of acetate, may be directly calculated from two simultaneous equations based on the information in
Table XI, which would also yield a value for Ki.
has been tabulated in Table XII.

This information

From these calculations, it ap-

pears that at substrate levels below saturation, bromide binds to
the monomer and that this binding process may be associated with a
specific Ki value, approximately 0.25 fil·

Furthermore, if these Ki

values are also evaluated with respect to Cl- and Ac- (see Table XII)
at concentrations of 0.1 M (i. e. prior to any denaturation), it appears that a similar Ki value pertains to each anion.

Thus, direct

binding process is indicated.
A Second Bromide Effect
·we have also established that bromide increases the e.quilibrium
constant for denaturation (see Fig. 8).

In this case, however, it

is extremely difficult to attribute this "destabilization" to a
binding process (i. e. binding reflected in Km) since these experiments were performed under conditions of substrate saturation.
Furthermore, since all three monovalent anions (bromide, chloride,
and acetate) differentially alter Vmax
tha~

(see Table XI), it appears

the action of these anions is both· independent of charge or

ionic strength.

It would then seem reasonable to propose that the
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TABLE XII
The Determination of the Michaelis-Menten Constant,
Km' and the Binding Constant, Ki' for the Enolase
\

Monomer in the Presence of Three Different Anions

Ion

Concentration
M/L

Kapp

Km

x io-Lr· M (calculated
from eqn 10)
x 10-4 M

Monomeric
Km

K.J.

x io- 4 l\:1

M

Br -

0.1 '

J.51

2.5

0.25

c1-

0.1

J.45

2.5

0.27

Ac-

0.1

J.64

2.7

2.5

0.24

Ac-

0.2

4.60

2.4

2.5

0.24

Ac

0.3

5.20

2.6

2.5

0.27

Ac

o.4

<$.71

2.4

2.5

0.26

-81tendency of bromide (chloride or acetate) to
saturated enzyme is of lyotropic origin.

denatur~

the substrate

If this is the case, then

Vmax' in the presence of acetate at a given salt concentration
would be greater than that in the presence of chloride which in turn
should exceed that of bromide (in accordance with the predictions of
the Hofmeister series).

And this is precisely what I

have observed

(Table XI).
The Lyotropic Effect and the Chemical Potential of Water
The most convenient way to express our theory concerning the
lyotropic effect of the various salts is in terms of.the appropriate
model.

One such model is a solution of native protein in a water

medium to which a salt has subsequently been added.

The changes in

protein free energy can then be expressed in terms of the GibbsDuhem equation:
~N.du.
,·

l.

l.

= 0

eqn 11

somewhat rearranged to give the form

= -(Nwduw

+ Nsdus)

Np

eqn.12

where:
uu. represents the chemical po tenti al of the protein
uw represents the chemical pot enti al of the water
us represents the chemical pot enti al of the salt
N represents number moles protein
Np represents number moles water
NW represents number moles salt
s

'

•
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Under the specified conditions, the Np term may be considered constant.

Then any variation in protein chemical potential must result

from the sum variation of the two numerator components given in
equation 12.

Since factor dus to a good approximation may be con-

sidered constant, then the variation in the term, Nsdus is proportional to the Ns factor.

Solubility considerations however usually

restrict the number of moles of salt added to the region of from
Oto 3M.

Most practical studies limit such variation even further

(in our case, alterations in protein properties are observed at
bromide concentrations of O.l fil).

However, upon evaluation of the

Nwduw term, it becomes eminently clear that due to the enormous
water concentration (approximately 55 molar), the slightest change
in the factor du w may significantly affect the protein chemical potential after multiplication by a factor of Nw. This observation
carries with it the somewhat unusual prediction that duw is a function both of the amount of salt added as well as the nature of the
salt with regard to the manner of interaction of salt with water.
Warren (1966) has demonstrated that bromide in increasing concentrations directly decreases the chemical potential of water, i. e. duw.
He has furthermore shown that iodide depresses duw to a greater extent than bromide, than does chloride.

And, although the effect of

acetate on duw has not as yet been unequivocally determined, I predict, on the basis of my results and its position in the Hofmeister
series, that such an effect will be negligible.
It should be emphasized here that these are only theories concerning protein-ion interactionso

It should be pointed out that

bromidep at low concentrations can still bind to the dimer and, high
concentrations can still bind to the monomer.

However, neither in-

-8.3terpretation was chosen and this is opinion only.

PROTEIN-PROTEIN INTERACTIONS
In this section, we shall be examining the effects of solvent
on protein-protein interactions.

In this regard, denaturation and

dissociation may be viewed as analogous or related processes since·
the forces which maintain tertiary structure are probably identical
to those supporting protein aggregates.

As a starting point for

discussing both phenomena, we should like to consider· the following
concept proposed by Klotz (1966}1
"We thus arrive at the conclusion that the conformation of a
protein•••••••••• should change with increasing concentration of protein in solution since changing the concentration
of protein affects the chemical potential of the aqueous solvent. Furthermore, •••••••• the shift in equilibrium will
always favor the less hydrated form."
In terms of equation 12, the indication is that an increase in pro'
tein concentration
(N ) alters the chemical potential (du ) hence

p

.

p

structure of the protein by affecting the chemical potential of the
solvent (duw).

Thus, protein can act in precisely the same manner

that we have previously suggested for salts.
Denaturation
1n its native configuration, the native protein is generally
conceived as having a "hydrophobic core."

If it can be agreed that

the native state is the least hydrated form (i. e., the fewest number of amino acid side chains are solvent exposed, hence the enzyme
is in its most "compact form" --a principle quite consistent with
the hydrophobic core concept), then the immediate consequence of
Klotz's proposal (although he framed his theory in the

cont~xt

of

-84dissociation) is that proteins are more stable in· concentrated than
dilute solutions.

And because the Np term (in eqn 12) is unspecific,

the implication is that non-homogeneous protein solutions are just
as capable of exerting this stabilizing effect as homogeneous ones.
From the practical point of view, this sµggestion is certainly not
novel.

Protein chemists have known "for a long time" that concen-

trated solutions "keep better."
With respect to our· work on enolase, in retrospect, we should
have repeated our experiments

using more concentrated enolase solu-

tions, and evaluated the thermodynamics so derived (especiallyAH 0 ).
We should have also liked to repeat our experiments in the presence
of BSA and again study the relevant physical parameters.
Dissociation
It is necessary to preface this section with the consideration
that the forthcoming discussion pertains to those subunits which are,
in and of themselves, catalytic-entities (i. e. all the reactive
groups required for the conversion of a given substrate into product
are contained within the monomer).

Quite clearly, this distinction

is designed to preclude enzymes of a nature similar to aspartic
transcarbamylase (an enzyme with binding and catalytic sites located
on different subunits, Gerhardt and Scha:c,hman, 1964). ·
It is currently a widely held belief that most (if not all)
oligomers are capable of undergoing a reversible dissociation into
inactive monomers.

Some examples of enzymes so classified are rab-

bit muscle aldolase (Deal and Van Holde, 1962), alkaline phosphatase
(Levinthal, 1962), glutamic acid dehydrogenase (Frieden, 1958;
Yielding, 1960; Fisher, 1962), and bovine pancreatic ribonuclease,
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(Sela, 1959; Haber, 1961; White, 1961).

For a more complete dis-

cussion on enzyme subunits, the reader is referred to Reithel's
review of the subject (1963).

However, there is one particular pa-

per that ·r should like to consider in some detail since this work
embodies almost every relevant aspect of the subject.

Peter Bernfeld

in 1964, attempted to study the specific activity of four enzymes
(aldolase, LDH, and o<. and ;3 amylase) as a function of enzyme concentration.

He found that at diminutive concentrations, the specific

activity fell to zero.

Furthermore, upon addition of an extraneous

protein (e. g. BSA or ovalbumin) the specific activity remained constant to the lowest regions of experimental detectability (below onethousandth of a microgram/ml).

He has interpreted these observations

on the basis of dissociation into .inactive monomers; extraneous protein somehow inhibiting this dissociation.

Through the years,

Bernfeld has been the major proponent of an "inactive subunit theory"
and has devoted some fifteen publications to an entire spectrum of
enzymes for which he has ob.tained similar results.
I

would agree with Berufeld, had he taken the trouble to de-

termine molecular weights.

For a given set of conditions, two abso-

lute requirements must be met before the

monome~

is deemed either

active or inactive:

the media must be "sufficiently mild" to pre-

clude denaturation

and the molecular weight of the protein species

under consideration must be determined.

Since Bernfeld was working

at such extreme dilutions, he felt molecular weight determinatio"ns
difficult; hence, did not bother.
alternative

interpretat~on

Thus, his data is subject to the

that dilution has facilitated the dena-

turation of the active enzyme.

The fact that activity remains con-

-86stant in the presence of another protein regardless of the dilution
level could then be interpreted on the basis of a stabilizing effect
inhibiting denaturation (see previous section on Denaturation).

I

do believe, however, that there· is substance in Bernfeld's claim
that protein concentration can inhibit dissociation to a considerable extent.

This js the immediate consequence of what Klotz believes

(see previous section) as well as the result of what I
posed (see equati9n 12).

have pro-,

Thus, in a concentrated protein solution

such as the cell, the chemical potential of the solvent would simultaneously inhibit dissociation and "protect" whatever minute amounts
of monomer that are present from undergoing denaturation.
With regard to the concept of the cell as a concentrated protein solution, I
red blood cell.

would like to consider a specific case like,the
A-priori, it would seem that this cell could func-

tion most efficiently if the hemoglobin content was maximized.

The

factor limiting hemoglobin concentration is quite obviously solubility.

From Brandts' theory, ·solubility is a function of the'num-

ber of hydrophobic side chains the media can accomod.ate (through
clathrate formation).

Then, as hemoglobin concentration is increased

(possibly through the efforts of some evolutionary pressure), the
number of solvent exposed hydrophobic side chains must obligatorily
and compensatorily be reduced.

One excellent means for accomplish-

ing this purpose is association (formation of subunit proteins)
through hydrophobic 't;>onding.

In this. manner, the total number of

catalytic sites would remain constant while the media exposed hydrophobic side chains would be reduced.

-87For enzymes in general, such association would proceed until
the water exposed. hydrophobic regions remaining would be "too small"
to support subunit association.

Furthermore, this association

would then have to occur in a highly specific manner.

Identical

hydrophobic areas on identical or similar subunits would tend to
become ·conjoined favoring, for example, an enolase dimer as opposed
to an aldolase-enolase species.
mizing exposed hydrophobic

This is again the result of mini-

resid~es,

for if the hydrophobic bonding

regions on two subunits were not of identical size, then there would
exist a region of overlap after association which would still have
to be solvent accomodated.

It is

genera~ly

well recognized that

most oligomers contain similar ·or identical subunits; the exceptions
probably result from the coincidental equality of surface hydrophobic regions.
There is no,question that association is the evolutionary implication of Klotz's statement.

It.is quite clear that specific

proteins increase in length and the number of proteins synthesized
also increase as the cell (the volume of which remains relatively
constant in many cases) becomes more advanced and complex.· Then, if
any one protein such as hemoglobin in the red cell were to proliferate, the state of all the other proteins should be affected.

It is

a fact that essentia,lly all red cell enzymes are of an oligomeric
nature.

In the final section of this thesis, I

shall present some

preliminary evidence indicating that hemoglobin can affect the state
of dissociation of red cell enolase.

-88THE KINETICS OF DENATURATION
In the kinetic analysis of the denaturation process previously
presented (see Results), I

have referred to the simultaneous in-

crease in rate constants and activation energies affected by bromide
ion as an "apparent contradiction."

Actually, this statement oppo-

ses only a "popular misconception" and, as I
accord with basic kinetic theory.

I

shall argue, is in

believe that this misconcep-

tion has evolved largely through the eff9rts of enzyme chemists.
And since the relationship between activation energy and the rate
constant pertain directly to

my

results, I

should like to give

this matter further consideration at this time.
The Relationship between the Rate Constant and the Activation Energy
In general, rate constants for enzyme-catalyzed reactions are
well known to exceed their non-enzymatic counterparts by several orders of magnitude.

For enzyme versus non-enzyme reactions, this

difference has been attributed to the "lowering" of the activation
energy by the enzyme.

However, this "enzyme effect" has been ex-

trapolated in a most ·erroneous fashion to the extent that a

lowe~

activation energy has somehow, for biological chemists, become synonomous with a greater rate constant.

Elementary textbooks (e. g.

Karlson, 1965, claims that for a chemical

reaction, "the greater

the activation energy, the lesser the reactivity") and probably many
introductory courses as well have been guilty of correlating the
case for enzyme kinetics with reaction kinetics in general.
reason, I

For this

should like to emphasize that it is not the activation

energy per-se which determines the magnitude of the rate constant,
but the free energy of activation.

-89From transition-state theory, the rate constant may be written:
~

e
maldng the substitution E

0

-AH/RT

(the activation energy) for

.;e

H , it be-

comes apparent that for a· given temperature, k is dependent not only
on E0 , but onD,s± as well.

Since E0 reflects the temperature de-

pendence of the rate constant (i. e. E0 = -Rdln k/d(l/T), intersection at some l/T value becomes the immediate consequence of the simultaneous Arrhenius plots for two reactions of similar but unequal
E0 values (i. e. two non-parallel lines must intersect).

All points

to the "right" of this reciprocal temperature value are consistent
with greater activation energies and lesser rate constants (and this
clearly includes the category of enzyme versus non-enzyme catalyzed
reactions).

However, for all points "left" of l/T, elevated activa-

tion energies are consistent with elevated rate constants.

Frost

and Pearson (1961) list a number of sµch reactions of similar activation energies which must intersect in the manner described above
(e. g. the decomposition of n-propyl and i-propyl nitrate intersect
at 302° above which i-propyl nitrate decomposition is characterized
by a greater rate constant and activation energy).
An extrapolation of the Arrhenius plots given in Fig. 8 for denaturation in the absence and presence of O.l M Br- would intersect
at a reciprocal temperature value corresponding to 29°.

Below this

temperature, bromide ion kinetically retards the denaturation process and this retardation is consistent with a greater activation
energy.

However, above 29°, bromide facilitates denaturation; also

consistent with a greater activation energy.
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Throughout this thesis, I

have alluded to the·molecular weight

of yeast enolase in a somewhat confusing manner.

For the sake of

clarification then, we should like to consider the following.

Since

1946, when Bergold did the original molecular weight determinations
on the yeast enolase molecule, workers in the field have been citing,
reciting, and substantiating his measured value of 66,000.

With re-

gard to our column chromatography experiments, we measured a similar
value on the basis of direct column calibration (see Table VIII).
Since this value was determined on the same column which the dissociation experiments were performed, this was the value used in the
subsequent thermodynamic calculations for the sake of calculation
only.
Mann and coworkers ( 1970), on the basis of a newly de_veloped
column. chromatography technique, have recently indicated the true
enolase molecular weight to be of the order of 88,000.

If this is

the case, it is possible that we were working at the non-linear extremities of the Sephadex gel which was indeed G-75.

However, this

does not explain the fact that BSA (MW 67,000), elutes prior to the
enolase molecule.

This phenomena may be attributed to the remarka-

bly small radius of gyration of the molecule.

Why, however, this

radius of gyration does not manifest itself in our ultracentrifugation studies (where an 80,000 MW was deiermined; see Results) and
confines itself to Sephadex, we do not know.

The purpose of this

thesis was not to absolutely determine the molecular weight of this
molecule (which is currently in a confused state).

If asked,

I

believe the 80,000 value will ultimately be accepted as more repre-

-91sentative of the truth.

However, if wrong in this regard, I

shall

not be greatly alarmed.
The Pathway of Denaturation
There is one more consideration pertaining to the question of
monitoring activity that requires some attention.

For a complete

statement of the question, it. is again convenient to defer to Reiner;' s
eloquence (1969):
"It is of major interest to ask how much denaturation is required to affect or abolish the activity of an enzyme, and
what the kinetic properties of such an activity loss may be.
In particular, it is of importance to know whether the activ•~
ity of a specific enzyme molecule changes progressively during
denaturation so that the turnover number, for example, changes
with time, or whether the activity is unchanged up to a point
and then drops abruptly to zero."
From the manner in which Reiner phrases the problem, the pathway of
denaturation becomes an "either-or" proposition.

If this is the

'

case, then any activity oriented study is subject to a dual interpretation.

While I

do not intend to resolve this controversy, I

like to take the following position.

I

would

do not believe that the ac-

tivity of any enzyme molecule can gradually and progressively diminish to zero.

However, to fully develop and appreciate this aspect

of the problem, it is necessary to evolve the following perspective.
Using the work of Nelson and Hummel (see Fig. 2) as a basis for
discussion, it would seem that if progressive molecular inactivation
were to occur at ail, it would most likely manifest itself in the
region between the onset of inactivation and' the initiation of optical variation.

In general; it seems reasonable to assume that in-

activation is the consequence of some distortion or alteration of the
active site.

For the observed 50% activity loss, the corresponding

-92change in active site dimensions would be anticipated minute.

Such

small changes would be well beyond the sensitivity of any optical
technique and indeed, no optical changes are observed.

However,

once optical variation commences, the activity of the monitored molecule

would be expected to disappear.

Measurable optical changes

are usually indicative of' major structural alterations.

It is dif-

ficult to imagine the active site remaining intact in the face of
such extensive overhauling.

If the observed optical variation rep-

resented a simultaneous structural change for all the molecules in
solution, the activity then would_ very likely fall to zero.

How-

ever, the activity is still present during the optical transition.
This observation is consistent with the interpretation that some
molecules are extensively altered (contributing to the optical transition and the loss of activity) while others are not (contributing
to the activity ~emaining).
The points then are two.

First, that the denaturation process

is not necessarily the "either-or" situation described by Reiner.
There is, in fact, no good evidence on which to base such an artificial distinction.

Secondly, that it is extremely likely that active

and inactive molecules simultaneously exist in solution during stages of "partial" denaturation.
following manner.

This relates to my research in the

We have continually observed that enzyme activity,

under the appropriate conditions, can be recovered thus reversing
the denaturation process.

I

have chosen to interpret this finding

on the molecular level as the reformation of native enzyme from its
totally inactive (and not partially inactive) denatured counterpart.
In doing so, I

am fully aware that such an assumption has no ab-

-9Jsolute scientific justification.

However, at this time and in

light of all the known evidence, it seems like the reasonable thing
to do.

-94CHAPTER V
RED BLOOD CELL ENOLASE:

A SPECIAL PROBLEM

Part of the interest in any scientific observation lies in its
extension, extrapolation, or expansion into situations or events of
current interest, yet unresolved.

We have observed, for

that the yeast enolase monomer is active.

e~ample,

If science has any real

excitement to offer, it must surely reside in a feeling of "making
progress" which, in our case, corresponds to the adaptation of the
experience and techniqueB developed in the cause of yeast enolase to
the enolase species present in the red blood cells.

Any current in-

terest in such an enzyme form is a-priori "by association", i. e. the
intimate involvement of this enzyme with 2, J-diphosphoglycerate
(DPGA) metabolism.

Aside from the excitement of science, it is al-

ways good to leave the "shadows" surrounding the world of yeast and
bacteria for the "sunlight" of what is genteelly referred to as humane biochemistry (where the grant money is).

However, the motiva-

tion for pursuing this line of experimentation may be construed, it
should be noted that the material presented here is cursory at best
and is. no way intended to represent

a

complete investigation.

Considerable evidence has been accumulated leaving little doubt
that (1)

DPGA binds to red cell hemoglobin and (2)

that this pro-

tein bound triose derivative yields an oxygenation.curve

(%

oxygena-

) compatible with life (Chanutin and Curnish, 1967;
02
Benesch and Benesch, 1967). Compatibility in this case indicates
tion vs. P

that a profound shift to the right (and also to those values which

--

are believed to exist in vivo) is observed when DPGA is added to the
appropriate hemoglobin solution and the oxygen-hemoglobin affinity

-95is subsequently studied.

The implication of this finding is that the

oxygen qinding-releasing mechanism of the red cell is intimately related to carbohydrate metabolism in some sort of complementary control mechanism.
The key word in the previous sentence is .control.

In this re-

gard* it may quite accurately be remarked that a considera.bl<S per•
tion of research directed toward the red cell has been controloriented.

From the work of Mirikami (1966), three enzymes, hexo-

kinase, phosphofructokinase, and pyruvate kinase, have been implicated in controlling the metabolism of carbohydrates.

Since this

work has had a considerable impact on current thinking in the field,
we should like to momentarily digress and discuss precisely how these
results were derived.

This tri-enzyme control system was deduced

from an extremely clever adaptation of thermodynamics to a biological
system.

One assumption was madea

in steady state concentrations.

that all metabolites were present
Then from experimentally determined

concentrations and known standard free energy differences, free energy changes for each step in the metabolism of glucose were computed.
The largest free energy differences (i. e. those most displaced from
equilibrium) corresponded to the metabolic steps catalyzed by the
three enzymes previously mentioned.
The first question that may be asked iss

"How steady, in fact,

is_ the steady state of glycolytic intermediates.in red cell glycolysis?.,

In this regard, it should be emphasized that a steady state

can differ considerably from an average value.

Fluctuations in meta-

bolite concentrations may, for example, be occurring quite rapidly
with respect to the sampling technique giving an ostensibly steady

-96state for all practical purposes.

Further inspection of Mirakami's

work indicates that the concentrations of glycolytic products were
determined in an oxygenated environment, specifically in the presence
of oxyhemoglobin.

What Mirikami could not have known (hence could

not be faulted for) is that deoxyhemoglobin has an affinity for DPGA
approximately five fold greater than the oxy form (Brewer, 1970).
Consequently, the concentrations used for the thermodynamic calculations, especially with regard to DPGA, its precursors, and its metabolites may, in reality, be considerably different since the oxidation state of hemoglobins hence "free DPGA", changes with every circulation cycle.

It is in no way surprising then that in an oxygenated

medium, Rose (1966) confirmed that glycolytic control came under the
domain of those three enzymes.

The vital question asked not only by

us, but (as we found out later) by Williamson (1970), is what happens
in the vein from xhe point of view of control?

While we shall re-

solve none of this, we hope to make the point that control may be a
far more complicated thing than previously conceived and quite likely
more complicated than one, two, three (which corresponds to the three
enzymes previously considered).
Recently, Witt and Witz (1971) have made a successful attempt
to isolate enolase from the red blood cell.

Prior to this time, all

relevant studies pertaining to this enzyme were confined to working
with very crude extracts in what may, at best, be referred to as very
non-specific experiments.

This recent work has affixed a molecular

weight of 80,000 to this enolase species as well as establishing a
Mg++ dependence, Michaelis constants, and pH optima •. With the techniques available to us then from experimentation on yeast enolase,

r
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-98MATERIALS AND METHODS
Blood, from which the enolase was to be isolated was obtained
from the clinical laboratories of the Loyola University Hospital.
Samples were never more than four hours old and, in every case, utilized heparin as the anticoagulant.

Twenty ml of pooled blood sam-

ples were centrifuged until precipitation (10 min, 1000 x g), the
plasma decanted, and the cells washed with isotonic saline.

After

the cells were recentrifuged under the same conditions, hemolysis
was effected through the addition of 75 ml of 0.01

6.o.

~

tris-HCl, pH

After centrifugation (20 min, 1500 g), the hemolysate was de-

canted, the stroma washed and recentrifuged until 150 ml of preparation was obtained.

Fifty grams of Bio-Rad Cellex-CM, cellulose (con-

trol no. 3909, twice recycled) were then added batchwise to the 150
ml preparation.

After a few minutes of gentle stirring by hand, the

resulting solution was passed through a fritted glass funnel under
slight suction.

At pH 6, hemoglobin, but not enolase is adsorbed

onto the cellulose (Witt and Witz, 1971).

Thirty ml of this prepara-

tion were set aside after a pH adjustment to 7.4 by the addition of
solid Tris.

The CM cellulose was recycled (through successive ap-

plications of O.l N HCl and NaOH followed by a buffer rinse) to remove hemoglobin and washed with tris-HCl, pH 6, and dried.

The re-

maining 120 ml of cell preparation were then passed through the CM
cellulose repeating the procedure as previously descr'ibed to further
remove hemoglobin.

Ultimately, three solutions of enolase extract

were obtained containing decreasing amounts of hemoglobin.

r

\ji•.;
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A 2 x 50 cm column was assembled in conjunction with a sample
injection valve, both of which were enclosed in a continuous. jacketing device through which water, from a constant temperature water
bath could be circulated as previously described (see column chroma-

tography experiments for yeast enolase. Materials and Methods),
this case,

however~

In

the column was packed with G-100 (as opposed to

G-75 for the yeast enolase studies) since the molecular weight was
anticipated to be to the order of 80,000.

The column was operated

under a hydrostatic head which varied from 50 to 80 cm and the flow
rates ranged from 40 to 90 ml/hr, depending on the hydrostatic head
and the temperature.
The column was calibrated using the same marker molecules and
procedure as previously described (see Materials and Methods, yeast
enolase)*.
A five ml aliquot of the enolase extract containing the most
hemoglobin, i. e. the extract passed through the CM cellulose only
once (see above), was diluted with assay buffer containing no substrate to fifty ml and passed through the column at 25° already equilibrated in assay buffer.

The column was monitored at 280 nm as pre-

viously described and two ml fractions were collected and assayed
using the technique of substrate addition, also previously described
(see Materials and Methods, yeast enolase).
The column was then equilibrated with substrate containing assay
buffer and the temperature raised to J? 0 •

Five ml aliquots of all

*All experiments using enolase preparations utilized'the frontal
analysis technique.

r
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three enolase preparations were each diluted to 50 ml using assay
buffer containing substrate.
column, still at 37°.

Each solution was passed through the

Fractions (2 ml) were collected and the

60D/min was determined at 240 nm as previously described (see materials and Methods, yeast enolase)., The resulting plots of activity vs. volume yielded.three elution patterns differing only in the
amount of hemoglobin present.
Five ml of the enolase preparation containing the least hemoglobin (passed through the CM cellulose three times) was diluted to
50 ml in assay buffer containing substrate.

This solution, as well

as solutions identical to it, was passed through the column, substrate equilibrated, at various temperatures ranging from 25° to 40°.
Fractions were collected and tested for activity.

The activities

measured were then plotted as a function of volume for each temperature studied.

INTFRACTION OF HEMOGLOBIN AND 2-PHOSPHOGLYCERATE
In essence, the technique employed here was one of substrate
detection.

Basically, this encompassed the passing of hemoglobin

through a substrate equilibrated column and subsequently looking for
an increase in substrate where hemoglobin elutes and a corresponding
decrease in substrate at an elution volume corresponding to vt.
Experimental necessity confined our studies to very low substrate
concentrations where the Michaelis-Menten equation becomes proportional to substrate alone.
enolase.

The assaying "tool" employed was yeast

Upon addition of yeast enolase to fractions containing sub-

-101strate at such low levels, the increase in optical density as a
time function becomes not linear but parabolic due to the fact that
substrate is being consumed.

To avoid this complication, we plotted

the logarithm of the instantaneous velocity as a function of time in
order to extrapolate to time zero, thus determining the initial
velocity, v 0 •

It is this value that is directly proportional to sub-

strate levels, hence can be used as a measure of substrate.

This

procedure for extrapolating to time zero to determine v 0 is precisely the same as that described for the denaturation studies as previously discussed (see Results, yeast enolase).
A cylindrical column, jacketed and connected to a circulating
water bath, of dimensions 1.5 x 35 cm was packed with G-25 Sephadex
gel.

An optical calibration of the column (monitoring effluent at

280 nm using the Beckman DBG Spectrophotometer as previously described -- see

ye~st

enolase, Materials and Methods) was performed

using blue dextran and dichromate to determine v 0 _and vt.
umn was then equilibrated in a solution 5 x 10-7

fil

The col-

2-phosphoglycer-

ate, 10-3 M Mg++, at pH 7.4 in 0.001 M tris-HCl and 37°.
Twenty ml of fresh, heparinized, pooled blood received from the
clinical laboratories were centrifuged to remove plasma (1000 x g,
15 min) and then combined with 20 ml tris-HCl, 0.01
initiate hemolysis.

!• pH 7.4 to

Stroma was removed through centrifugation at

5000 g for twenty minutes.

Hemoglobin concentration was then mea-

sured using the basic hematin determination method described by Ward
and Wold, (1964).

This stock solution was then diluted, using sub-

strate containing buffer as described above, to concentration levels
equivalent to the substrate on a molar basis.

One ml of this hemo-

.·11·
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globin solution was then applied to the column.
Two ml fractions were collected by hand into wide mouth graduated test tubes.

One ml of each fraction was then removed into a

one ml cuvette to which 10 ul of yeast enolase in identical buffer
was added sufficiently concentrated to give a final enzyme concen.tration of o. J ug/ ml ( }. 7 x io- 10 M}. Optical density readings
were taken at one minute intervals on the Beckman DU spectrophometer.
I

Instantaneous velocities were then extrapolated to time zero giving
a v 0 value for each fraction.· These v 0 values were subsequently
plotted as a function of elution volume.
The identical experiments were then re-performed, the only difference being the addition of 2, J-diphosphoglycerate, in equimolar
quantities to 2-phosphoglycerate, to the buffer system.

2, J-diphos-

phoglycerate was purchased as the pentacyclohexammonium salt from
the Sigma Chemica.l Co., lot No. 210-1960.

CHLORIDE INACTIVATION OF RBC ENOLASE
A series of test tubes containing two ml of substrate (10-JM)
in assay buffer (10-3 M Mg++, pH 7.4 in tris-HCl), also containing
chloride (KCl) such that the total chloride in each tube increased
at increments of 0.01 M starting from 0.05

fil

and increasing to 0.2

M (including buffer Cl-), were incubated in a ..water
until temperature equilibrium was attained.

bath (37°)

One ml of each solution

was then transferred to a 1.0 ml cuvette to which 10.ul of enzyme
extract from the red cell (three times passed through C-M cellulose)
was added such that the basal activity level approximately duplica-
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ted that previously achieved in the column chromatography experi-·
ments (i. e. about 0.06

o.

D./min at 240 nm).

The cuvette was in-

serted into the cell compartment of the Beckman DU spectrophotometer
which was temperature controlled and set at 37°.

Optical density

readings were made at one minute intervals and 240 nm.· The velocities thus obtained were plotted as a function of Cl- in terms of

% activity remaining.

Km DETERMINATION FOR RBC ENOLASE
The Michaelis-Menten constant for red cell enolase was determined at 37° and at three chloride ion concentrations.
of test tubes were set up in duplicate.

Phree sets

Set one represented samples

at 0.01 M total Cl-, (including tris-HCl buffer); set two, 0.05 M Cl-;
and set three, 0.10 M·c1-.
concentrations.

Each contained substrate in five varying

All tubes were of pH 7.4 in tris and 10-3 M in Mg++.

The tubes were incubated for 15 min at 37° in a water bath at which
time, 10 ul of concentrated red cell extract was added.

Each reac-

tion mixture was incubated 10 minutes further whereupon the reaction
was stopped by addition of one drop 1 l!1 HCl.

Total accumulated op-

tical densities were determined in a Beckman DU spectrophotometer
(240 mu) and divided by ten to establish velocity on a per-minute
basis.

From the data acquired, Lineweaver-Burke plots were subse-

quently
constructed and Km values thus determined.
.

Ri:i:SULTS
The elution pattern for enolase at 25° based on activity in.the
effluent is given in Fig. 20 a.

The elution volume for this species

(73 ml) clearly precedes that indicated for BSA (78 ml) and is commensurate with the molecular weight value of 80,000 cited by Witt
and Witz (1971).

Fig. 20 b represents the elution pattern for the

identical effluent based on the continuous monitoring of optical density at 280 nm.

The elution volume for this curve indicates a mole-

cular weight of about 68,000 or that of hemoglobin, the predominating
species.

.

It then appears that at 25

0

, active enolase (MW 80,000)

is not significantly retarded even in the presence of such relatively high hemoglobin concentrations.
Fig. 20 c represents the elution pattern for a solution identical to that used to obtain curve. a.
however, was performed at 37° •

This chromatography experiment,

The elution volume of 85 ml (as op-

posed to the 73 ml value obtained at 25°).indicates extensive but
not total dissociation has been effected by raising the temperature
12°.

Curves d and e represent elution patterns for the enolase sol-

ution passed again and twice again through CM cellulose to remove
hemoglobin.

The total optical density of the solution from which

curve d was obtained was o.450 and, for curve e, 0.302.

This de-

crease in optical density indicates that hemoglobin is in fact removed to a significant extent using this procedure.

Elution volumes

of 87 and 90 ml for curves d and e respectively, when compared with
curve c leave little doubt that hemoglobin does affect

:,...r

c, \? ~, ~\\.
the~state

dissociation of the enolase molecule, i. e. removal of hemoglobin
favors dissociation.

of
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Fig. 20 a.

The elution pattern for RBC enolase at

25° based on activity.

b)

The elution pattern for RBC

extract (same solution as in "a") monitored at 280 nm,

25° C).

c)

The elution pattern for RBC enolase at J7°

based on activity (same solution as "a").

d)

Elution

pattern for RBC enolase based on activity at 37° containing less hemoglobin than "c."

e)

Elution pattern for

RBC enolase based on activity at 37° containing less hemoglobin than "d."
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The 90 ml elution volume for curve e is significant since it
coincides with a molecular weight of 45,500.

Further attempts to

find a lesser molecular weight through dilution, increased temperature, and hemoglobin removal were unsuccessful to any significant
degree.

Nevertheless, a molecular weight of 45,500 indicates that

red cell enolase can exist largely as an active monomer at 37° and
under the specified conditions whereas the dimeric form predominates
•

at 25°.

This finding is consistent with the case of yeast enolase

in that both molecules (yeast and red cell enolase) are dimers composed of subunits capable of catalysis.

The similarity is further

elucidated in Table XIII where the state of dissociation is considered as a function of temperature.

This table can be compared to

those values obtained for the yeast enzyme form.

INTERACTION OF HEMOGLOBIN AND 2-PHOSPHOGLYCERATE
The calibration of the column previously described and used in
these studies revealed a v 0 value of lJ.8 ml (corresponding to blue
dextran) and a vt value of 49.4 ml (corresponding to dichromate).
The initial velocities for each fraction collected for the
passing of hemoglobin through the substrate equilibrated column are
indicated in Fig. 21, the clear circles.

Since these v 0 values are

proportional to substrate concentration, any hemoglobin-substrate
interactions may be subsequently determined.

The clear-cut peak at

the v 0 elution volume followed by a trough at an elution volume corresponding to vt gives: a clearly strong indication that hemoglobin
binds 2-diphosphoglycerate.

It should be pointed out, however, that

r
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TABLE XIII
The Variation in the Degree of Dissociation
(as Reflected by Elution Volume) for
RBC Enolase as a Function of Temperature

T° C

Ve

MW
(Weight sverage
MW calculated
from Eqn

)

25°

73

80,000

28°

72

80,000

31°

76

74,ooo·

34°

83

61,000

37°

90

45,500

-109the area under the peak represents only about one-third the area of
the corresponding trough.

This observation will be further consid-

ered in the discussion.
The shaded circles of Fig. 21 represent initial velocities
(again proportional to substrate) determined in the presence of 2,
J-diphosphoglycerate.

In this case, it is quite apparent that the

previously observed peaks and troughs are no longer observed.

Since

the enzyme is sensitive to the 2-phosphoglycerate compound only, the
indication is that under these conditions, hemoglobin-substrate binding no longer occurs.
The Chloride Inactivation of RBC Enolase
The variation in activity as a function of chloride ion concentration is indicated in Fig. 22.

The purpose for including this

figure here is to emphasize the following point:

that the enzyme

under these conditions, undergoes approximately a 90% inactivation
over a chloride concentration differential of about 0.03 M.

The

conditions as cited indicate that the enolase enzyme is in the monomeric state (see Fig. 20).

From such a rapid variation in activity,

one is tempted to argue teleologically that if such a phenomena
occurs, it must be important (i. e. of physiological significance).
In this regard, the area of control comes to mind implicating some
sort of "on-off" mechanism for the glycolytic pathway.

This will

be further considered in the Discussion.
~
Determinations for RBC Enolase
...::m
~~~~~~~--~~--~--~~~
The Michaelis-Menten constants determined for the red cell

enolase enzyme under varying chloride ion concentrations are listed

Or
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50

Volume

(in ml.)
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Fig. 21.

The elution pattern of 2-phqsphoglycerate as

hemoglobin is passed through a column substrate equilibrated.

The v 0 values reported are initial velocities

(proportional to substrate) determined upon addition of
yeast enolase to each fraction.

The clear circles repre-

sent the initial velocities so determined.

The shaded

circles represent the initial velocities determined under the same conditions but in the presence of 2,

J~DPGA.
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in Table XIV for 37° and pH 7.4.

The value of 5.5 x· 10-5 M agrees

quite well with the value cited by Witt and Witz of about 5 x 10-5
M (1971).

Under the conditions specified, it appears that we are

once again performing these studies on the enolase monomer
20).

(s~e

Fig.

And, as was the case for the yeast enolase form, the Michaelis

constant increases with increasing chloride.

80

ACT

I

I-'
I-'

w
I

40
20
0.10

0.15

C1- Concentration

. 0.20

( Moles/ I.)

Fir;)o
22u The vnriotion 0in onzvme
nctivity as a function of chloride
.
•

ion concentration at .37

and pH 7.J1.•

TABLE XIV

The Variation in Km for RBC Enolase
at 37° and pH» 7.4 as a Function of Chloride

in moles/l

Vmax
on240/min

0.01

0 .• 18

0.05

0.19

0.10

0.19
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DISCUSSION
THE DISSOCIATION OF RBC ENOI.ASE
There can be little doubt, based on the data of Fig. 20 and
Table XIII, that the RBC enolase molecule exists as a dimer, dissociable under appropriate conditions into two active monomers as
was observed for its yeast counterpart.

Perhaps even more profound

than this observation is the apparent effect hemoglobin exerts on
I

the state of aggregation of this enzyme (see Fig. 20).

This pheno-

mena is the likely manifestation of either direct protein-protein
interaction (Hb-enolase binding) or indirect protein interaction
(indicating some sort of solvent intervention).

On the basis of the

data presented, it is impossible to distinguish between the two.
However, we would like to consider the following possibilities.

It

appears that hemoglobin has no effect on the enolase dimer since the
dimer clearly elutes prior to hemoglobin (see Figs. 20 a and b).

If

RBC enolase had a molecular weight greater than 80,000, we could not
make such a statement, (i. e., if the MW of enolase were 100,000, for
example, but appeared as 50,000 in the presence of hemoglobin).
However, since 80,000 is the value determined by Witt and Witz (1971),
it appears that the major hemoglobin influence is monomer related.
In this regard, a very strong case can be made for direct binding
since the exposed binding surface of the monomer is strongly hydrophobic and may possibly interact with an available hydrophobic surface on the hemoglobin.

However, we find that the observed pheno-

mena may very attractively be interpreted on the basis of waterhydrophobic side chain interaction as previously discussed (see Discussion, yeast enolase).

In that section, we remarked that on the
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basis of Gibbs-Duhem equation, concentrated non-homogeneous protein
solutions may alter the state of dissociation of any given species.
The experimental observations presented here initially bear this
out.

The importance of distinguishing mechanism lies in the subse-

quent determination of the enolase enzyme structure in
the temperature of the red cell is about
that the active enolase species
bound monomer.

J7°,

~·

Since

the possibility exists

is monomer or hemoglobin-

in~

However, if what we propose with regard to protein-

solvent interaction is correct, then the likelihood of monomer 111
vivo is necessarily precluded due to the enormous hemoglobin concentration.
The binding studies illustrated in Fig. 21 leave little doubt
1

that substrate and hemoglobin directly interact.

The single curious

feature about this study, however, is the discrepancies in areas observed for peak and trough respectively.
tioned whywe see a peak at all.

In fact, it

~ay

be ques-

If the enzyme is allowed to inter-

act with substrate in solution and the excess substrate transported
through the column by the hemoglobin is still hemoglobin bound, then
only base line velocities should appear.
possibilities directly arise.

In this regard, then, two

The first is that the enzyme can re-

. act with hemoglobin-bound substrate.

The second relates to equili-

bration phenomena and would involve the rate of substrate removal as
opposed to the rate of catalysis.

This may be interpreted on the

basis of substrate being "freed" from the hemoglobin to compensate
for and at a faster rate than the substrate being removed through
the catalytic process.

By any measure, however, these are guesses

at best, for we cannot at present explain this phenomena.

We should
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also remark that the one-third value cited (see Results) in relation
to the ratios of the peak and trough areas observed is only an estimate that may run from one-fourth to one-half.

Area determining

processes in general, are quite sensitive to how one draws the best
straight line for the given experimental points.

When comparing the

ratio of two areas so determined, the observed variation is likely to
be considerable, requiring extensive experimentation to arrive at
a reasonable value.
From the experiments performed in the presence of DPGA, two
facts become quite clear.

The first is that both triose derivitives

likely bind at the identical site on the hemoglobin molecule.

This

may be deduced since the one compound completely dispells the other's
presence.

Since DPGA has been identified as binding to the amino

terminal of the

chain (Brewer, 1971), a stoichiometry of two per

hemoglobin molecule is implied.

From the area under the trough in

the first set of experiments and the known hemoglobin concentration
initially applied to the column, a stoichiometry of 2.4 may be estimated.

The second fact revealed by these experiments is that the

DPGA compound has a much greater hemoglobin affinity.

This may be

deduced since in the presence of equimolar amounts of each, only
DPGA is observed to bind (actually, this is an indirect observation
for 2-phosphoglycerate is observed "not to bind" and it is assumed
that this results from the DPGA already occupying the binding site).
Since so much DPGA is present physiologically, the importance of 2phosphoglycerate binding may be questioned since all the hemoglobin
binding sites may be occupied.

\
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It should be remarked that no appar.ent effect on the enolase
enzyme is exerted by DPGA under our conditions.

That is v 0 is iden-

tical in the presence of equimolar quantities (with respect to substrate) of DPGA as well as in its absence.

This observation neither

asserts ·nor denies a competitive role for this substrate analog,
for indeed, these experiments were not designed to determine this.
We may only remark that such a possibility apparently does not apply
to the extent of the experimental considerations involved.
At this point, our position concerning the events occurring in
the red cell is in somewhat of a quandary.

We have presented evi-

dence: (see Fig. 22) indicating that Cl- markedly and radically affects
the catalytic ability of the enolase enzyme.

What we did not realize
.-~

at the time, hence did not take into account in our experimental planning, was that our studies pertained to the monomeric form only.
at this time, we have no data relating to the dimeric species.

And,
It

would also be of considerable interest to determine the aggregation
state of enolase in the cell.

From temperature as well as concentra-

tion considerations, tne temptation is considerable to hope the monomeric species predominates.

However, the effect of hemoglobin on

dissociation (see Fig. 20) forces us to ultimately believe that cellular enolase is most likely a dimer.

It would seem a shame that the

demonstrated effect of chloride ion turned out to be a "coincidence"
unrelated to anything physiological.

At times, we had even.attempted

to correlate such ·phenomena with the so-called chloride shift which
involves a cellular influx of chloride to compensate for ionic inbalartce.

But it is clear that no control mechanism can reasonably be

expostulated until the cellular aggregation state of enolase is
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established and the effect of chloride on such a state is definitively resolved.
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APPENDIX
General Notation:
for the general denaturation reaction defined by

E

::====
k2

E*

E represents
Ee represents
E* represents
Ee*represents
E represents
0
v represents
v

concentration of native enzyme
concentration of native enzyme at equilibrium
concentration of denatured enzyme
concentration of denatured enzyme at equilibrium
total enzyme concentration = E + E*
velocity for denaturation
.- dR
dt
represents velocity for the catalysis reaction,
'
kl
k2
(E + S

v0

k'"
...,.1

-

ES

-·
k

E + P)

during the early stages of

-2

•

catalysis and under conditions of substrate saturation= k 2 N
represents initial reaction velocity= k 2 'E 0

ve represents reaction velocity at equilibrium= k 2 'Ee

Derivation of Equation (2)
for enzyme denaturation under conditions of substrate saturation

=

=

kl Ee = k2E*c
Kequ= kt

k2

*
= Ee
Ee

= Eo

- Ee
Ee

-121Derivation of Equation (3)
For first order reversible reactions in general

ln xe
x e -x

ki

( A = x)

kz

Frost and Pearson (1961} a
Laidler
(1963)

For the notation defined above
ln

kl =
v 0 t (kl )

v0

Ve

-

'

e

v0

- ve
v0 t

Ee *

b

Ee *-E*

v
ln v 0

-

- Ve

VO -v
ln v -v e
e

v 0 t (kl ~ VO
v
v
-v e
0

ve

c

d

- Ve
- Ve

e

+

v =

f

eOcvot/vo - ve)

Derivation of Eguation (4)
for reversible denaturation
ln

vo -ve

v -v:e

(see derivation, eqn Jc)

....
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at t

=1

minute
a

ln

at t

=2

minutes
b

Since kl is independent of time ( i. e. kl = kl)
v0

-

v

e

v

ln

0

v1

VO

-

v

=

e

- Ve

(vo - v e )
(vl - v e ) =

ln

- v e )2
ln(v1 - v )
e
(V

0

2

(vo - v e )
(vl
ve)
(v2 - v e ) (vo

=

-

=

-

=

ve)
v

e

Derivation of Equation (5)
See equation 4a.

=

v

0

-v e

2

VO

1

ln

-2

v

ln

v

0

ve

c

v-2 - v e
v0 - ve
v2 - v e

-

ve
v2 - v e

ln

-

0

d

e

- ve
v2 - v e
VO

f
2

(vl - v. e )

2
vov2 - v·
1
vot v2 - 2v 1

g

h
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Derivation of Equation (6)
Since Kequ

=

k1
k2

k2

(

=

k 1/Kequ
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